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ABSTRACT 
 
Research on well-designed heavy-traffic flexible pavements in areas with elevated 
temperatures has shown that their service life is a function of the creep performance 
of their top asphalt layers. Ranking and predicting the creep performance of asphalt 
close to the field situation have always been a challenge for pavement designers in 
both the design and rehabilitation stages of flexible pavement in these critical 
situations.  
To date, several laboratory test methodologies have been applied to model creep 
performance of asphalt, however, these methods have been unsuccessful compared 
with data from field assessments. The most important limitations, which make the 
modelling of the asphalt creep performance in the laboratory difficult, are outlined as: 
controlling the asphalt mix structure (i.e. air voids); providing in-situ asphalt 
confinement situations for laboratory samples.  
It has been hypothesised that the Australian dynamic creep test can be redesigned to 
enable multistage evaluation of creep performance of asphalt mixtures to overcome 
the noted limitations. The research hypothesis is examined through a collaboration of 
development of two test methods. First, the Ultrasonic Wave Transmission technique 
(UWT) is used for non-destructive assessment of air voids distribution in the critical 
position in the centre of laboratory samples. Second, the Confined Dynamic Creep 
Test (CDCT) is developed to be able to perform multistage stress on the same asphalt 
sample. Finally, the combination of the two developed tests, MCDC+UWT is used 
with appropriate numerical and mathematical modelling to introduce a creep life 
prediction method.  
The combination of MCDC+UWT tests together with numerical modelling greatly 
enhance the ability to rank and predict the creep performance of asphalt in varying 
operational conditions. This combination is also able to measure the compressive 
resilient modulus of asphalt at elevated temperatures and stresses. 
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1.1 Introduction 
One of the major distress modes of flexible pavements is creep deformation, also 
known as rutting or permanent deformation (illustrated in Figure 1.1).  Creep 
deformation of a flexible pavement can be described as the time-dependent 
accumulation of strain generated by repeated traffic loads, which is normally due to 
the insufficient stability of pavement related to the prevailing traffic loading and 
environmental conditions (Steyn 2012). The continuing growth in the magnitude of 
vehicle axle loads and reduction in vehicle speeds as a result of high traffic levels in 
cities especially in hot and moderate climate zones exacerbates the issue. Creep 
deformation is a major factor that must be considered by road authorities designing 
flexible pavements for a predicted service life (Öztürk 2007).  
 
 
 
Figure 1.1: Severe creep deformation on flexible pavement (Pavement interactive 
2012) 
Historically a variety of tests have been developed and employed to investigate the 
creep deformation potential of asphalt concrete mixtures by simulating in-situ creep 
deformation in the laboratory. These tests may be broadly classified as empirical, 
fundamental and simulative (Ahmadinia et al. 2014). Creep deformation is a complex 
phenomenon and any laboratory test must be able to accurately simulate the in-situ 
pavement conditions by considering all design parameters including ambient 
temperature, dynamic loads (magnitude, pulse shape and duration), lateral 
confinement stress, material properties, and asphalt mix design (Kandhal & Cooley 
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2003). The research has shown that only a fully simulative creep deformation test, such 
as an accelerated pavement testing facility (ALF), is currently able to consider most of 
the required parameters (Witczak et al. 2013). However, such full scale testing is time 
consuming, expensive and not widely available worldwide. Researchers and 
practitioners have been trying to optimise the currently available cost effective, but 
empirical laboratory tests to simulate and predict the creep deformation of asphalt 
pavements. The key challenges in developing a laboratory test that better represents 
field conditions include providing a stress dependent confinement system, evaluation 
of air voids at critical stress/strain locations and producing sample consistency. 
Providing effective lateral confinement stress (Figure 1.2) is one of the key challenges 
when modelling creep deformation in the laboratory. In simple terms, in-situ asphalt 
is surrounded by a mass of asphalt, which provides some stress-strain generated lateral 
confinement under axle loads. In other words, asphalt exhibits some stress 
dependency. Among the available and proposed tests, some are able to provide a lateral 
confinement stress (dynamic and static) by varying techniques including water 
pressure, air vacuum, and air pressure, or using an unconfined annulus of asphalt 
around the sample (Zargar et al. 2017 a). 
Some of the well-known laboratory tests in this area are the Wheel Tracker, Hamburg, 
triaxial dynamic modulus and the confined dynamic creep test. The confining 
conditions provided by these tests generally do not vary in response to the load-unload 
cycle of each load pulse as experienced within actual pavements. A recent test 
methodology proposed by Ahmadinia (2017), better duplicates the confinement 
situation seen in the field by allowing a confined asphalt sample to respond to the 
applied stresses. The test uses a layered confinement methodology, where the asphalt 
being subjected to load is supported by an asphalt annulus, which in turn is supported 
by a polymer ring. The asphalt annulus allows the sample to undergo plastic 
deformation while the polymer ring provides a confining hoop stress that is generated 
by the load pulse. 
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Figure 1.2: Creep deformation of asphalt and creep distribution (Petersson, 2014) 
A second key challenge in designing and assessing creep deformation characteristics 
in the laboratory is the control and measurement of air voids and their distribution 
(Figure 1.3) in laboratory asphalt samples (Zargar et al. 2017b). Air voids below a 
minimum specification limit may lead to excessive creep (rutting) while high air-voids 
content can also lead to creep deformation in the early life of the pavement due to post 
placement compaction (Roy et al. 2013). The measurement of air voids and their 
distribution in laboratory testing samples in critical locations is essential.  
However, there is limited past research about creep deformation sensitivity to air voids 
and their distribution in laboratory samples. The new test methodology proposed by 
Ahmadinia (2017) provides an ability to assess the creep air voids sensitivity of asphalt 
during its life because the applied confinement system controls any crack propagation 
due to sample splitting. However, the work by Ahmadinia used bulk air voids as a test 
variable rather than air voids under the test platen. The current research has developed 
an alternative method for air voids that allows a more exact evaluation of air voids at 
critical locations.  
5 
 
 
Figure 1.3: Asphalt structure (Tashman et al. 2002) 
 
A third key challenge in designing a suitable test to measure creep deformation is the 
difficulty of producing asphalt samples with consistent structural composition. Since 
asphalt is a non-homogenous material made of aggregate, binder, filler, additives and 
air voids (Figure 1.3), production of consistent test specimens is difficult and can have 
a significant effect on the results produced in creep deformation tests. Introducing a 
test protocol using multi-stage testing of a sample means that sample structure does 
not vary and provides the ability to assess other important parameters. Repeated load 
triaxial (RLT) testing has been widely used for unbound materials (Arnold and 
Werkemeister 2010) to successfully generate creep deformation stages under 
increasing loads.  Combining the test methodology proposed by Ahmadinia (2017) and 
Arnold and Werkemeister (2010) provides an ability to introduce a new test protocol 
by using the same sample under different load conditions. 
 
However, several questions have been raised about the possibility of considering these 
three key challenges in one test to investigate the sensitivity of asphalt creep 
deformation to variations of temperature, air voids, load, and binder types and to 
predict the creep development in asphalt. It is hypothesised that by introducing a new 
test methodology the sensitivity of creep deformation to changes of several major 
parameters can be established, which allows for much better prediction of creep 
resistance and creep life in the laboratory. 
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1.2 The research hypothesis 
The research hypothesis in this study is: 
“The Australian dynamic creep test can be redesigned to enable multistage 
evaluation of creep life of asphalt mixtures under varying operational conditions” 
This research has three main aims that underpin the critical examination of the 
hypothesis. The first aim is to optimise the Australian creep test, by introducing a 
multistage confined dynamic creep (MCDC) test which reuses the same sample under 
different stress levels. The MCDC test is also explored for its use in evaluating the 
compressive resilient modulus of asphalt. The second aim is to evaluate the sensitivity 
of the creep deformation of asphalt mixture to variations in the major parameters of 
air voids, ambient temperature, stress levels, and material properties. The third aim is 
to develop a creep life prediction method using the MCDC test. 
1.3 The Scope of the Study 
The study developed a new proposed Australian confined dynamic creep test which 
provides a close replication of field conditions. The sensitivity of creep deformation 
of asphalt mixtures under various environmental and design conditions such as varying 
temperature, traffic load, and air voids is evaluated using the new proposed test. The 
ranges of the variables in this study were as follows: 
• Air voids – variation between 0% and 9% 
• Temperature – 40 °C and 50 °C 
• Tyre pressure – variation between 500kPa and 1000kPa 
The research was a multivariable study to introduce a new creep test considering 
changes in tyre pressure, air voids and temperature on creep performance and 
development. The results of the research will be of use to road agencies and the asphalt 
industry to provide a more accurate prediction of the creep deformation of asphalt 
pavement and also to provide an improved prediction of design life of an asphalt 
pavement based on the creep test.  
In the first stage of the research, an ultrasonic transmission technique was introduced 
as a new non-destructive method of air voids measurement for laboratory asphalt 
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samples. The method was applied to better evaluate the effect of air voids in the creep 
deformation of asphalt. 
 The second stage of the study focussed on modernising the existing Australian 
dynamic creep test in order to introduce a more accurate and cost effective version of 
the test to be able to assess creep deformation at various stress levels. Optimization of 
this test started previously by Bullen and Preston (1992) and followed by Austroads 
(Oliver et al. 1995) by using a platen of smaller diameter than the sample in order to 
provide quasi-confining stress to better replicate field condition. In 1998, a similar 
approach was used by Nunn et al (1998) to extend the Nottingham asphalt tester using 
a 96mm diameter platen with 150mm diameter specimen (EN1297-25A). The latest 
research by Ahmadinia (2017), in Australia, optimised the European standard and 
solved the reported problem regarding the bursting (i.e. radial splitting) of asphalt 
samples by using a layered confinement method for test samples.  Their research 
showed promising results to model the in-situ creep deformation condition by 
introducing dynamic confined creep testing.  
The present study focused on optimising the latest research and introduced a multistage 
confined dynamic creep test capable of investigating the creep deformation of asphalt 
mixtures under various stress levels using only one sample. The method proved to be 
cost effective and also increased the accuracy of testing by solving the problem of 
reproducing the same non-homogenous asphalt material in different samples. 
In the third stage, the creep life prediction using a new proposed multistage dynamic 
creep test is discussed. The Creep life prediction of some Australian asphalt mixes was 
assessed and a suitable creep resistance mix for different climatic zones in Australia 
was introduced.   
In the fourth stage, the modulus measurement techniques of asphalt were reviewed and 
the modulus measured using the MCDC test under various operational conditions. The 
effect of traffic loads, temperature and air voids on modulus of asphalt was also 
considered.  
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1.4  Research plan 
The research consisted of an embedded extensive literature review, extensive 
laboratory studies and numerical and mathematical modelling. The literature review 
encompassed: 
• The Austroads flexible pavement design for heavy traffic roads and 
associated challenges, 
• The creep deformation mechanisms of asphalt, available tests, limitations 
and the main challenges for designing a more a realistic creep test, 
• Creep life prediction methods. 
The extensive laboratory studies were: 
• To design a laboratory non-destructive technique able to measure air voids 
distribution in asphalt samples.  
• To develop a laboratory confined dynamic creep test capable of assessing 
the creep deformation of an asphalt mixture under different stress levels. 
The numerical and mathematical modelling involved: 
• Validating and assessing the stress distribution in MCDC test asphalt 
samples,  
• Developing a creep life prediction method using the proposed multistage 
confined dynamic creep test. 
• Assessing the sensitivity of creep deformation of some asphalt mixtures 
under various environmental and design conditions using MCDC test 
• Predict the creep life of some asphalt mixtures using the proposed MCDC 
test. 
A schematic of the overarching research plan is shown in Figure 1.4. 
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Figure 1.4: Research plan 
 
1.5 Format of the thesis 
The research is presented in the thesis as follows: 
• Chapter one: The topic and scope of the study are introduced in this Chapter, 
along with the research hypothesis and the underpinning research aims, 
• Chapter two: This Chapter is an overview of Austroads heavy-traffic flexible 
pavement design and the relevant challenges.   
• Chapter three: This Chapter reviews literature on the creep deformation of 
asphalt, relevant effective environmental and design factors and available tests 
Literature review 
Creep deformation of asphalt and all effective factors 
Creep life prediction methods 
Austroads flexible pavement design for heavy-traffic conditions and available challenges 
Creep tests, all relevant limitations 
To develop UWT technique to measure air voids in the 
centre of asphalt sample 
Data collection and result analysis 
 
To predict and compare the creep life for nominated Australian asphalt 
samples using MCDC test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To apply the MCDC in mix design and rank the nominated asphalt 
mixes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To develop Multistage Dynamic Creep (MCDC) test 
and a method to predict the creep life of asphalt through 
this test 
To assess the modulus for nominated Australian asphalt samples in 
varying operational conditions using MCDC test 
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to measure this type of distress. Here, several mathematical models for 
explaining creep behaviour of asphalt in the laboratory and in the field are 
presented. Review of the main challenges including confinement situation, 
multi-stress application, air voids distribution and temperature is covered in 
this Chapter. 
• Chapter four: This Chapter provides details of the experimental work, 
numerical and mathematical models undertaken as follows: 
 Material details and asphalt sample fabrications.  
 Research methodology for the development of ultrasonic transmission 
techniques to assess the air voids content and distribution in the 
laboratory asphalt samples. 
 Research methodology for the development of the latest Australian 
confined dynamic creep test (CDCT) to be able to assess creep 
deformation under various stress levels on one sample and 
consequently introducing Multistage Confined Dynamic Creep test 
(MCDC) test. 
 Research methodology for the development of a creep life prediction 
model using MCDC test. 
• Chapter five: This Chapter considers the development of ultrasonic 
transmission techniques to assess the air voids content and distribution in the 
laboratory asphalt samples. 
• Chapter six: This Chapter considers the validation and development of the 
latest Australian confined dynamic creep test (CDCT) to be able to assess creep 
deformation under various stress levels on one sample and consequently 
introducing MCDC test. A creep life prediction method is also proposed in this 
Chapter using the developed MCDC test.  
• Chapter seven: This Chapter considers the effect of operational parameters 
including temperature, air voids, bitumen binder types, and stress level on 
creep deformation.  
• Chapter eight:  This Chapter compares and evaluates the creep life of applied 
asphalt mixtures under varying operational conditions.  
• Chapter nine: The methods for measuring the modulus of asphalt at elevated 
temperatures and stresses is discussed in this chapter.  This Chapter also 
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analyses the modulus of nominated Australian asphalt mixes at elevated 
temperatures using the MCDC test. 
• Chapter ten: In this Chapter, the main findings of the study are presented.  A 
summary of study outcomes with some recommendations for further work are 
also included. 
1.6 Summary 
Creep deformation is one of the main distress modes seen with flexible pavements 
with thick asphalt surfacing. Creep can result in an irregular pavement surface that has 
undesirable effects on serviceability, including road safety. Maintenance of pavements 
that are subject to creep deformation is expensive and can cost road agencies millions 
of dollars annually (Sohm et al. 2012). A more accurate methodology for the 
assessment of the creep potential of an asphalt, under varying operational conditions, 
within the laboratory, has significant global application. The work described in this 
thesis has resulted in very significant progress in that research space.  
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2.1 Introduction 
Flexible pavements, containing an asphalt surface and unbound granular base and/or 
subbase layers, are widely employed in Australia and throughout the world for the 
following reasons (Austroads 2012): 
• Good riding quality  
• Usually much cheaper to construct in comparison to concrete rigid pavements. 
• Can be constructed in stages 
• Cheaper regarding maintenance and access to underground services  
A flexible pavement is normally arranged in the form of consecutive layers of carefully 
selected materials (Figure 2.1) that are designed to gradually distribute loads from the 
pavement surface through the pavement layers to the underlying subgrade.  Correct 
design ensures that the load transmitted to each successive lower layer does not exceed 
that layer’s load-bearing capacity (Austroads 2014). The maximum load-bearing 
capacity of each layer of the flexible pavement is a function of its mechanical 
properties, such as stiffness and stress dependency, and thickness. 
 
Figure 2.1: Distribution of load stress in flexible pavement (Composition and 
Structure of Flexible Pavements 2017) 
 
2.2 Flexible pavements – materials and structures 
Typically, a flexible pavement includes several layers with different material 
components as shown in Table 2.1. Flexible pavement materials can be classified into 
essentially four categories according to their fundamental behaviour under the effects 
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of applied loadings. Thick asphalt surfacing must be capable of good creep resistance 
to provide adequate functional service. 
• asphalt 
• unbound granular materials 
• modified granular materials 
• bound materials-stabilised materials 
Material types, behaviour characteristics, and distress modes related to the above 
categorised materials are shown briefly in Table 2.2.  
Table 2.1: Flexible pavement layers and materials (Austroads 2014) 
  
Application Materials 
1 Surface 
course 
To deliver functional and structural 
performance depending on the 
thickness 
A mixture of bituminous binder and 
several, typically, single sized 
aggregate fractions. 
2 Tack coat To bind two asphalt layers Binder. 
3 Binder 
course 
To deliver structural performance 
depending on the thickness 
A mixture of bituminous binder and 
several, typically, single sized 
aggregate fractions. 
4 Prime coat To bind asphalt layer to base course Binder. 
5 Base 
course 
Main load carrying course Composed of granular material 
sometimes mechanically stabilised or 
treated with cement or binder. 
6 Sub-base 
course 
Load carrying course to provide 
support to the base and to reduce the 
Stress/stains applied to the subgrade 
Composed of lower quality granular 
material. Sometimes mechanically 
stabilised or treated with cement or 
binder 
7 Sub-grade To provide sufficient support for the 
upper layer. It can be either 
compacted or natural. 
In-situ materials. Sometimes 
mechanically stabilised or treated with 
cement or lime. 
 
Depending on the design parameters (traffic, environment, and cost), an asphalt 
surface course can be one of the following asphalt mixtures: Dense Graded Asphalt 
(DG), Stone Mastic Asphalt (SMA), or Open Graded Asphalt (OGA). The difference 
in the asphalts relates to the aggregate gradation, shape, size and also binder content 
and type. The selection of the best surface course is discussed in detail in Austroads 
(2009). 
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Table 2.2: Pavement material categories and characteristics (Austroads 2014) 
Characteristics Unbound 
granular 
Modified 
granular 
Bound 
Stabilised  Asphalt 
• Material 
types 
• crushed rock  
• gravel  
• soil 
aggregate 
• mechanically 
stabilised 
materials 
• chemically 
modified 
materials 
• cement, lime, 
lime/fly ash 
or slag 
modified 
materials 
 
 
 
 
 
• lime stabilised 
materials 
• cement 
stabilised 
materials 
• bitumen binder 
stabilised 
materials 
• lime/fly ash 
stabilised 
materials 
• slag stabilised 
materials 
slag/lime 
stabilised 
materials 
• dense graded 
asphalt 
• open graded 
asphalt 
• stone mastic 
asphalt 
 
 
 
 
 
 
• Behaviour 
characteristics 
• development 
of shear 
strength 
through 
particle 
interlock 
• no significant 
tensile 
strength 
• development 
of shear 
strength 
through 
particle 
interlock  
• no significant 
tensile 
strength 
 
• development of 
shear strength 
through particle 
interlock  
• significant 
tensile strength 
 
 
 
 
• development of 
shear strength 
through particle 
interlock and 
cohesion 
• significant 
tensile strength  
• properties are 
temperature 
sensitive 
• Distress 
modes 
• deformation 
through shear 
and 
densification  
• disintegration 
through the 
breakdown 
• deformation 
through shear 
and 
densification 
• disintegration 
through the 
breakdown 
 
 
 
• cracking 
developed 
through 
shrinkage, 
fatigue and 
over-stressing  
• erosion and 
pumping in the 
presence of 
moisture 
 
 
• cracking 
developed 
through fatigue, 
overloading 
• permanent 
deformation 
 
 
 
 
 
Depending on the material types and thicknesses of the layers, flexible pavements can 
be categorised as follows (Austroads 2014): 
1. Unbound granular pavement with thin asphalt surfacing 
2. Unbound granular pavement with thick asphalt surfacing 
3. Deep strength asphalt  
4. Full depth asphalt 
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An indication of flexible asphalt courses and pavement types is provided in Figure 2.2. 
Excluding the pavement with thin surfacing, other types can be used for heavy-traffic 
roads.  
 
 
Figure 2.2: Types of flexible pavement based on the materials and thicknesses of the 
layer (Austroads 2014) 
 
From the first to the fourth types of the illustrated flexible pavements, the thickness 
and number of asphalt layers increase respectively. The thin asphalt surfacing 
pavement has a single asphalt layer and the full depth asphalt pavement usually has 
the greatest number of layers. For some heavily trafficked asphalt pavements, a high 
binder content asphalt fatigue layer at the bottom of a full depth asphalt pavements 
must be used (Austroads 2012).   
Some advantages of using more asphalt layers in the structure of flexible pavement are 
summarised as follows: 
• Greater speed of construction 
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• Having a lower risk of water damage in early stages because of having 
waterproof courses on lower layers 
• Reducing the risk of structural deterioration due to moisture infiltration into 
base and subbase materials 
• Low construction and maintenance costs during the pavement service life 
This type of pavement can be designed as long-life pavement subject to periodic 
replacement of the wearing courses. 
As discussed above, having more asphalt layers can be beneficial for road authorities 
in different ways. However, application of more asphalt layers in the pavement 
structure means having more binder in that pavement. Binder is a viscoelastic material 
which is load and temperature sensitive. Consequently, more attention should be given 
to the design and maintenance stages of this type of pavement, particularly where 
elevated temperatures and traffic loads are likely to occur.  
2.3 Asphalt mix design for flexible pavements 
While asphalt may be described as a simple mixture of coarse and fine aggregate, filler, 
and binder, its design can be a complex process that may entail high creep resistance. 
The asphalt mix design involves the best choice of aggregate type, aggregate grading, 
binder type, and determination of binder content that will optimise the engineering 
properties in relation to the desired behaviour in-service (Austroads 2014). After 
ensuring good properties for each material, asphalt mix design normally follows the 
basic steps as shown in Table 2.3. The Austroads (2014) mix design for heavy-traffic 
dense graded asphalts is defined according to Figure 2.3 where creep potential 
(deformation resistance) is evaluated using wheel tracking. 
Even a well-designed asphalt mix may exhibit a broad range of distresses during its 
service life (Preston 1991). A well designed and compacted asphalt mix in a flexible 
pavement structure must provide: 
• The ability to distribute stresses caused by traffic loads 
• Resistance to cracks: fatigue, thermal, and reflective cracks 
• Resistance to permanent deformation 
• Resistance to moisture and freeze-thaw damage. 
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To better understand the flexible pavement performance, the exhibited distresses will 
be discussed in the next section in more detail. 
Table 2.3: Basic steps of asphalt mix design 
1 Mix type selection 
 
One of the following mix types based on design 
parameters: 
• DGA 
• SMA 
• OGA 
• GGA 
2 Component materials’ selection Based on mix type selection and material test 
results 
3 Combination of aggregate to reach 
a suitable design grading 
 
4 Selection of suitable binder type 
and content 
One of the following bitumen binders based on 
design parameters: 
• Conventional bitumen  
• Multigrade bitumen 
• Polymer modified bitumen 
5 Compaction of the asphalt mix to 
obtain in service conditions 
Using one of the compactors: 
• Shear box compactor 
• Gyratory compactor 
• Marshall compactor 
6 Measurement of the volumetric 
properties 
Optimise the volumetric properties based on: 
• Bulk density 
• Maximum density 
• Void in mineral aggregate 
• Void in the mix 
• Absorbed binder 
• Void filled with binder 
• Void filled with bitumen 
• Binder film thickness 
7 Mechanical testing of compacted 
samples 
Compare the final mix using these tests: 
• Fundamental tests for stiffness and fatigue 
• Simulative tests for resistance to 
deformation and moisture damage 
• Empirical tests for design of asphalt mix  
8 Mix job selection Based on conclusion from stages 1 to 7 
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Figure 2.3: Dense grade asphalt mix design procedure (Austroads 2014) 
2.4 Flexible pavement distress  
Flexible pavements can exhibit various types of distress (Table 2.4) during their 
service life. Flexible pavement deterioration can occur for any of the following 
reasons: 
1. Temperature fluctuations 
2. Weather conditions  
3. High axle/wheel loads 
4. Construction deficiencies 
5. Improper material and mix design 
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Pavement distresses and possible causes are listed in Table 2.4.  The well-known 
modes of structural distress for thick asphalt surfacing are fatigue and creep 
deformation (rutting). 
Current pavement design models appear able to predict and thus control tensile fatigue 
(perhaps excluding top-down fatigue cracks) (Sullivan 2015; Austroads 2012). 
However, creep deformation (rutting) largely is addressed through mix design rather 
than mechanistic modelling. The reasons provided by Austroads (2012) is that no 
model is available that can reliably predict the development of creep deformation with 
the passage of traffic/time.  
Table 2.4: Flexible pavement distresses and the possible reasons (Ahmadinia 2017) 
Type of distress Possible reasons 
Fatigue cracking Heavy and repeated wheel loads in cold climate 
Edge cracking Insufficient lateral support from the shoulder, inadequate drainage, and 
growing vegetation around the edge of pavement 
Block cracking Shrinkage due to temperature fluctuations and stiff pavement surface 
Longitudinal and 
transverse cracking 
Harsh climates, shrinkage in asphalt mixes, poor constructions and 
underlying layer cracks 
Slippage cracking Poor bonding between pavement layers and materials 
Ravelling Poor quality of the mixture and excessively stiff bitumen binder  
Potholes Can be a continuation of other deterioration of the pavement such as fatigue 
cracks and ravelling over a long period of time 
Stripping Loss of adhesion between the bitumen binder and aggregate due to 
moisture 
Bleeding  Excessive binder content in the mixture 
Creep deformation 
(Rutting) 
Elevated temperature, air voids, and load 
 
One challenge identified by Austroads (2012) is the difficulty to predict the highest 
pavement temperature when the asphalt is highly prone to deform. The reason 
provided by Austroads (2012) is that: 
“During the service life of asphalt layer in a road pavement, a very 
significant proportion of the accumulated permanent deformation in the 
asphalt layer will have occurred during the very rare times when the 
asphalt is at a highly elevated temperature.  For asphalt layers to reach such 
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elevated temperatures (throughout the layer) requires a succession of very 
hot, clear days and accompanying hot nights.  Prediction of the 
occurrences of such weather patterns during the service life of the asphalt 
can be extremely difficult.  Likely problem areas are those associated with 
heavy vehicles travelling at low speed or accelerating or braking (climbing 
lanes, intersections, etc.)”. 
A second challenge noted by Ahmadinia et al. (2017) is the lack of availability of 
reliable creep tests able to model the environmental and confinement situation in the 
laboratory. To be able to model the creep deformation of thick asphalt surfacing both 
of the above challenges must be considered. 
2.5 Flexible heavy-traffic pavement structural design 
The following flexible pavements types incorporate thick asphalt surface layers where 
the temperature and load sensitive viscoelastic asphalt is subjected to axle loads and 
stresses that induce creep. 
1. Unbound granular pavements with thick asphalt surfacing 
2. Deep strength asphalt  
3. Full depth asphalt 
The Austroads (2012) pavement design procedure aim is provided below. The flexible 
pavement design procedure is shown in detail in Figure 2.3. 
“To select the most economical pavement thickness and composition 
which will provide a satisfactory level of service for the anticipated 
traffic”.  
One of the important stages in mechanistic pavement design is a structural design and 
stress/strain analysis in order to quantify the critical strains and/or stresses in the 
pavement. Usually the pavement is represented as a series of layers of different moduli 
subject to normal traffic loading as shown in Figure 2.4.  The critical responses 
assessed for pavement and subgrade materials in a linear elastic model are as follows:  
• Asphalt: horizontal tensile strain at bottom of layer 
• Unbound granular: not consider in model 
• Cemented: horizontal tensile strain at bottom of layer 
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• Subgrade: vertical compressive strain at bottom of layer 
 
 
Figure 2.4: Pavement model for Mechanistic Design procedure (Austroads 2012) 
Figure 2.5 illustrates the overarching concepts that must be explored during a design 
process. While creep performance is not explicitly addressed it is implicit in both 
pavement material and performance criteria. 
• Mechanical behaviour of pavement materials under operational variables (loop 
one in Figure 2.5). For example, parameters such as elastic modulus (unbound 
or bound materials) are used in analytical models to determined load-induced 
stresses and strains, that is, pavement response to load.   
• Pavement performance criteria under operational conditions (loop 2 in Figure 
2.5). Pavement performance criteria are used only to predict when distress 
(rutting, cracking, etc.) will occur.  
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Figure 2.5: Design procedure for flexible pavement (Austroad 2012) 
 
2.6 Asphalt modulus – measurement and temperature effects 
The performance of any pavement material, including asphalt, is related to its modulus. 
Table 2.5 indicates that the current relevant performance criteria for asphalt is fatigue. 
There is no reference to creep. 
Table 2.5: Pavement material input used in structural design (Austroads 2014) 
Characteristics Unbound granular Modified granular Bound 
Stabilised Asphalt 
Input 
parameters for 
design 
Modulus 
Poisson’s ratio 
Degree of 
anisotropy 
Modulus 
Poisson’s ratio 
Degree of 
anisotropy 
Modulus 
Poisson’s ratio 
 
Modulus 
Poisson’s ratio 
 
Performance 
criteria 
Current material 
specifications 
Current material 
specifications 
Fatigue 
relationships 
Fatigue 
relationships 
 
1 
2 
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The modulus of asphalt is one of the input parameters in analytical models for 
structural analysis of flexible pavements. The optimisation of modulus related to 
fatigue performance can impact significantly on creep performance. One aspect of the 
research undertaken here is to measure both creep and compressive resilient modulus 
simultaneously using a redesigned laboratory creep methodology. The following 
provides some contextual background related to asphalt modulus and its measurement.  
The modulus of asphalt is a function of: 
• Friction between the aggregate particles;  
• The viscosity of the bitumen binder in varying operational conditions; and 
• The cohesion within the composite material resulting from adhesion in the 
bitumen mastic and also between aggregate and bitumen binder. 
The modulus of asphalt depends on the factors that are summarised in Table 2.6. The 
information provided is for asphalt mixtures manufactured using conventional 
bitumen. In addition to the mix design, and effective factors listed above according to 
Austroads (2012), there are some other important test related factors that influence the 
measurement of modulus in the laboratory. These effective factors are as follows: (and 
it is important to note that the last factor related to confinement is applicable for any 
modulus that might be measured during a creep test).  
1. Load related factors: direction and platen.  
• The modulus of asphalt when the asphalt sample is subject to tensile 
loading is different to that for compressive loading. 
• The friction between loading platen and the surface of the specimen can 
affect the test results. It is also important to understand how the load 
distribution under the platen relates to the real situation. 
2. Specimen size: specimen size has a direct effect on the asphalt modulus 
(Witczak & Kaloush 2000). 
3. Confining stress: in-situ asphalt is surrounded by a mass of asphalt, which 
provides stress-strain generated lateral confinement under axle loads. This 
lateral confinement stress needs to be provided in laboratory tests. (Majid et al. 
2017). 
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Table 2.6: Factors affecting on modulus of asphalt (Austroads 2012) 
Factor Effect of increasing factor 
Proportion of coarse angular particles Increase 
Density Increase 
Stress level No change 
Age Increase 
Extent of cracking Decrease 
Efficiency of mixing Increase 
Bitumen binder content Increase then decrease 
Bitumen binder class Increase 
Bitumen binder viscosity Increase 
Percent air voids Decrease 
Temperature Decrease 
Rate of loading Increase 
 
2.6.1 Measurement of modulus of asphalt 
The current method of measuring flexural modulus is with the four point bending test 
AGPT/T274-2016, (Austroads 2016), which is used as a replacement for the resilient 
modulus. The use of the indirect tensile test (AS 2891.2.2 -1995) for measuring 
resilient modulus however remains an effective quality control tool for material 
evaluation under varying loading regimes. Both tests however have standard 
conditions with test temperature (25 ± 0.5°C for indirect tensile test and 30 ± 0.5°C 
for four-bending test), stress levels (maximum of 200 kPa) and air voids (5 ± 0.1 % 
for indirect tensile test and 5 ± 0.5 % for four-bending test). Both tests suffer from 
limitations of high stress levels and at high temperatures. The tests cannot be 
performed continuously in the noted situations and because of lack of confinement the 
sample will collapse. 
Tests are not undertaken typically under any confining stresses and it has been reported 
by some researchers (Mamlouk & Sarofim 1998; Masada et al. 2004) that across the 
axial, diametrical and triaxial methods for resilient modulus measurement of asphalt, 
the triaxial test would be the best. This is because this type of test better represents the 
actual in-situ behaviour of asphalt. It is also due to the fact that at higher temperatures, 
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the modulus of asphalt largely relies on the aggregate structure and the level of 
confinement and samples are prone to collapse if unconfined.  
In addition to the tests above, the dynamic modulus test (AASHTO TP62-07) is also 
used in Australian research (Sullivan 2015) to measure the modulus of asphalt and can 
meet the majority of the above challenges. The main issue regarding the dynamic 
modulus test is the type of applied confinement stress and the load waveform. The 
confining conditions provided do not vary in response to the load-unload stage of each 
load pulse as seen within real pavements (Ahmadinia 2017). The load wave form also 
is continuous in the dynamic modulus test while in real in-situ situations there is a 
loading and rest period (Zhou et al. 2010).  
The development of the Confined Dynamic Creep Test (CDCT) approach by 
Ahmadinia (2017) provides a foundation to allow the development of a new 
methodology for evaluating compressive resilient modulus across a broad range of 
load-temperature environments, possibly within a staged confined creep test 
methodology. 
2.6.2 Temperature and modulus 
For the asphalt layer in a flexible pavement, the temperature is a critical factor in the 
design procedure due to the viscoelastic behaviour of binder in the structure of asphalt 
mixtures. Mechanical properties of the asphalt layer are consequently a function of the 
binder temperature sensitivity.  
The effect of temperature on asphalt mechanical properties can be summarised as 
follows: 
• Asphalt becomes stiff and relatively brittle at low temperature. At this stage, 
asphalt is susceptible to fatigue cracking distress. 
•  In hot temperatures, asphalt becomes soft and viscoelastic and becomes 
susceptible to creep deformation distress.  
• Temperature has a significant effect on the ageing of asphalt in the long term. 
It can lead to ravelling which affects pavement surface service life. 
• Asphalt modulus increases with time because of ageing of the bitumen but 
asphalt modulus in it’s early life is highly dependent on temperature and the 
asphalt is susceptible to creep deformation.  
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Historically for pavement design, the Weighted Mean Annual Pavement Temperature 
(WMAPT) was used by Austroads (2012) as the temperature to estimate the asphalt 
moduli at-service temperature. WMAPT considers the daily and monthly variation in 
pavement temperature but does not provide information on the extremes in 
temperature conditions (hourly temperature) to which an asphalt layer is subjected. It 
is also not able to provide information about the temperature distribution within the 
depth of the pavement (Austroads 2013). 
A new model being developed by Austroads (2013) can better predict the pavement 
temperature from air temperature data. This model is able to predict temperature in 
any depth of asphalt pavement layer at anytime during a day. As an example, Figure 
2.6 shows the diurnal temperature profile at different depths, predicted using weather 
station data from Canberra on a hot summer day using the Austroads model.  
The WMAPT temperature of 23°C is the temperature to calculate the design moduli 
for a pavement in this area in accordance with Austroads (2012). As Figure 2.6 shows, 
there is a significant difference between this temperature and real measured hourly 
temperature data in each layer.   
 
Figure 2.6: Temperature at depth predicted for hot summer day in Canberra 
(Austroads 2013) 
 
WMAPT 
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Figure 2.7: Modulus at depth for hot summer day, at 10km/h (Austroads 2013) 
 
As explained earlier, the modulus of an asphalt layer is a direct function of temperature 
because of the viscoelastic nature of the binder in its structure. The corresponding 
moduli of different asphalt layers during a hot day in Canberra was estimated for 
vehicles with a velocity of 10 km/h using temperature profiles and the master curve 
related to the applied pavement (Austroads 2013). The estimated hourly moduli are 
shown in Figure 2.7.  The results indicate that during hot summer days, the moduli of 
the asphalt pavement layers are consistently lower than the annual average value 
applied in the Austroads (2012) procedure.  
This example illustrates the importance of the design temperature in the estimation and 
evaluation of moduli in the pavement design procedure. This is the situation in which 
the possibility of creep deformation will be increased and highlights the need for better 
information on the variation of resilient moduli with temperature under confined 
conditions.  
2.7 Flexible pavement service life 
The service life of a pavement may be defined as the time from construction to the first 
major structural rehabilitation or to when the pavement degrades to unacceptable 
serviceability condition (Von Quintus et al. 2005). The service life of a flexible 
WMAPT 
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pavement is determined by the most common pavement defects such as fatigue cracks, 
creep deformation (rutting), and roughness (Austroads 2009). 
2.7.1 Fatigue 
While fatigue life is not core to this research a brief description follows for 
completeness and context. Fatigue is considered in the structural design steps by 
designing the thickness of the layer based on the critical horizontal tensile strain at the 
bottom of the asphalt layer (Austroads 2012; Gupta & Adhikari 2016). If the critical 
horizontal strain is a strain level below fatigue endurance limit (FEL), damage to an 
asphalt mix does not appear to occur (Monismith & Mclean 1997). The pavement 
designed by this concept is a long-life asphalt pavement (LLAP).  Well-designed long 
life asphalt pavement would not be expected to require major structural rehabilitation 
or reconstruction for at least 50 years (Newcomb et al. 2010). This type of pavement 
only needs periodic surface renewal in response to distress confined to the top of the 
pavement.  Research conducted by Sullivan (2015) in Australia on the development of 
a long-life design procedure defines the fatigue endurance limit (FEL) for Australian 
pavements. 
For heavy-traffic thick asphalt pavements, some researchers (Al-Qadi et al. 2008; 
Merrill, Van Dommelen & Gáspár 2006) have reported that cracking in this type of 
flexible pavement is normally confined to the pavement surface. It is due to the 
reduction in intensity of strains at the bottom of asphalt layer as a result of increasing 
the asphalt thickness. 
2.7.2 Creep 
Creep deformation (rutting), which is a common distress type in flexible pavements, 
may be defined as “the surface depression in the wheel path which is accumulated total 
plastic deformation that develops in each of the pavement layers”. The shape of the 
asphalt surface is suggested by some researchers as an indicator to which pavements 
layers are contributed to creep deformation. Three different asphalt surface shape and 
possible layer contribution scenarios are shown in Figure 2.8. 
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(a) 
 
(b) 
 
(c) 
Figure 2.8: Different asphalt surface shape related to creep deformation in each asphalt 
layer: (a) asphalt layer, (b) granular base, (c) Subbase/Subgrade (White et al. 2002). 
In unbound layers, insufficient stability in aggregate combinations under prevailing 
traffic and environmental loading may allow plastic deformation. In Austroads (2012) 
VESYS model (Austroads 2007) the potential of permanent deformation is evaluated 
using the Repeated Load Triaxial Test (RLTT) with a static confining pressure being 
used. A creep model development has been developed by Werkmeister et al., (2008) 
using the RLTT. The wheel-tracking test (Austroads 2015) is the latest test suggested 
as a complementary test for RLTT.  
Asphalt layers deform (creep) under high axle stress and/or operating temperatures and 
structural creep deformation rarely occurs in lower layers in well-designed heavy-
traffic thick asphalt structures (Nunn 2001; Newcomb et al. 2010). In heavy-traffic 
asphalt pavements, structural creep deformation can be limited by using the creep 
endurance limit which is the controlled compressive strain at the top of subgrade level 
(Harvey et al. 2004; Walubita et al. 2008). Creep deformation in this type of flexible 
pavement is normally confined to the surface asphalt layers (Rolt 2001; Brown et al. 
2002). 
Creep is not directly considered in the Austroads (2012) structural design procedure. 
Creep is only considered via a material deformation ranking as illustrated previously 
in Figure 2.3 (level 2). There is no reliable model or test available to predict the 
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development of creep deformation with traffic/time (Austroads 2012; Ahmadinia 
2017). 
2.8 Summary 
In this chapter, the design concepts related to heavy-traffic flexible pavements 
according to Austroads have been reviewed and some key limitations in the design 
procedure outlined.  The review indicated that asphalt modulus and creep deformation 
modelling in the laboratory at elevated temperatures under stress responsive 
confinement are missing and unsolved elements for the relevant aspects of the 
Austroads pavement design procedures.  The measurement and prediction of these 
pavement elements are important for design, maintenance and rehabilitation strategies 
of heavy-traffic flexible pavement.  
It is noted that the work reported by Ahmadinia (2017) can be further developed to 
evaluate asphalt creep deformation resistance and compressive modulus at elevated 
temperatures through a staged confined dynamic creep test methodology. It is also 
considered that laboratory long life creep potential can be estimated through 
extrapolation of earlier life performance. It is believed that such outcomes will enhance 
current Australian pavement design procedures and that tenet is explored in detail 
within subsequent Chapters. 
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3.1 Introduction 
This chapter builds on the broader pavement design principles outlined in Chapter 2 
and reviews the specific research related to asphalt creep deformation. The 
mechanisms of creep deformation in asphalt and its contributing parameters are 
explored. The broad spectrum of laboratory tests employed worldwide to measure 
creep deformation are examined along and their limitations. Finally, methods of early 
detection of creep deformation for preventive maintenance purposes is reviewed.  
3.2 Asphalt creep deformation  
3.2.1 Creep deformation mechanisms  
Creep deformation in asphalt as a composite material may be described as the tendency 
of the material to deform permanently under the influence of repeated traffic and 
environmental stresses. Creep normally appears as longitudinal depressions in the 
wheel paths (De Carvalho 2012) and can occur in any of the pavement layers (asphalt 
surfaces, granular base, and subbase) and the subgrade. For well-designed and 
constructed flexible pavements surfaced with thick asphalt, the distress typically 
occurs in the top 100 to 150 mm of the asphalt (Epps et al. 2002; Mulvaney & Worel 
2002). 
The mechanism of creep deformation in asphalt layers can be explained by Figure 3.1 
where the distributed surface stresses represent a tyre. Vertical deformation 
(densification) occurs under the tyre in the active zone and due to Poisson’s effect 
lateral deformation increases at the same time. Horizontal stresses are then generated 
in the passive zones that resist the lateral deformation in the active zone. In the 
situation where the horizontal stress generated as a result of lateral deformation in the 
active zone is equal to the hoop stress that the passive zone can provide, the vertical 
stress in the passive zone starts to increase. The incremental vertical and lateral stresses 
in the passive zone can lead to an accumulated increase in the shear flow which appears 
as heave in the asphalt surface around the wheel path.  
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Figure 3.1: Schematic diagram of the mechanism of creep (rut) depth (a part of a figure 
from Choi et al. (2013)) 
Two main mechanisms that cause creep deformation development in an asphalt layer 
in a well-designed flexible pavement are described by De Carvalho (2012) as follows: 
• Deformation as a result of compaction: as a primary mechanism, compaction 
occurs at the initial stage of loading. In this stage material volume, under the 
wheel path, decreases with no significant upheaval along the sides.  
• Deformation as a result of shear: as a secondary mechanism, shear 
deformation occurs in the second stage. In this stage, along with further 
material volume reduction under the wheel path, the distortion caused by shear 
force starts to occur and forms upheaval along the side of the wheel path.  A 
transverse profile of asphalt creep deformation caused by increasing traffic 
load cycle numbers is illustrated in Figure 3.2.  
 
Figure 3.2: Transverse profile of asphalt creep deformation by increasing loading 
cycles (Eisenmann & Hilmer 1987) 
Densification 
Weave Asphalt surface level 
35 
 
According to these two mechanisms, a typical creep (permanent) deformation curve, 
which is divided into three stages, is drawn as shown in Figure 3.3.  Creep deformation 
stages in this figure are as follows (Bonaquist et al. 2003; Zhang et al. 2012; Coleri et 
al. 2012): 
• Stage 1 (primary): in this stage creep deformation is caused mainly by 
material densification. It is a decelerating phase of creep in which strain rate 
decreases by increasing loading cycles. It normally occurs early in the 
pavement service life (De Carvalho 2012). 
• Stage 2 (secondary or steady-state): in this stage, shear deformation is 
predominant. It is a stationary phase of creep deformation in which the strain 
rate remains constant. This stage is normally used to design the maintenance 
strategies.    
• Stage 3 (tertiary): in this stage strain rate quickly increases and is an 
accelerating flow stage of asphalt creep deformation. 
Creep deformation in the laboratory using available tests may (nominally) exhibit all 
three stages however Stage 3 may often be related to sample cracking and/or collapse 
rather than accelerated creep. Creep deformation of heavy-traffic pavements in the 
field is normally restricted to the secondary phase (steady-state) because of the 
confinement stress provided by both asphalt mass around the wheel pass and common 
preventative maintenance. This is one reason why laboratory testing should preferably 
employ an effective confining system. 
 
Figure 3.3: Creep deformation and creep rate versus loading cycle number (Zhang et 
al. 2012) 
1 2 3 
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3.2.2 Factors that influence creep deformation of asphalt 
Asphalt is a composite with a complex heterogeneous microstructure. The aggregate 
that forms the stone skeleton, the binder matrix (binder, filler and additives) and air 
voids all influence creep performance under variable traffic and environments. The 
impact of various factors on the permanent deformation of asphalt pavement in the 
field were reviewed and categorised by Sousa et al. (1991) as shown in Table 3.1.  
Table 3.1: Factors effect on creep deformation of asphalt mixtures (Sousa et al. 1991) 
 Factor  Change in factor Effect of change in factor 
on creep resistance 
Aggregate  Surface texture Smooth to rough Increase 
Gradation  Gap to continuous Increase 
Shape  Rounded to angular Increase 
Size  Increase in maximum size Increase 
Binder Stiffness at highest pavement 
temperature 
Increase Increase 
Mixture Binder content Increase Decrease 
Air voids (min 3%) Increase Decrease 
VMA (min 10%) Increase Decrease 
Method of compaction Depends on the compaction method 
Field 
conditions 
Temperature Increase  Decrease 
Moisture Dry to wet Decrease if mix is water 
sensitive 
State of stress/strain Increase in tyre contact 
pressure 
Decrease 
Load repetitions Increase Decrease 
 
3.2.3 Creep deformation test methods 
To evaluate the potential creep deformation of asphalt, all the effective parameters 
must be considered. The types of test that have been historically utilised to measure 
creep deformation in the laboratory and evaluate the impact of the various test 
parameters are grouped under the following three categories. 
1. Empirical tests: tests which are useful when the practical experience is 
available. They cannot provide sufficient measure of the mix quality. 
2. Fundamental tests: tests which are performance-related and normally able to 
provide the mechanical properties of asphalt for mechanistic design procedure.  
3. Simulative tests: tests which are performance-based where the actual traffic 
loads and environment are modelled.  
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The three types of the tests, their relevant advantages and limitations have been 
summarised and listed in Tables 1 to 3 in Appendix A. A summary of the limitations 
from table 1 to 3 in Appendix A is provided below. 
• Equipment is not widely available 
• Equipment is too complex and expensive 
• Equipment needs specific sample sizes and compaction 
• Equipment has restricted test temperatures and load levels 
• Equipment is not able to apply a dynamic load similar to in-situ traffic load 
• Equipment requires a triaxial chamber to provide the confinement stress  
• Sample size (height) is specific and cannot be cored from the in-situ pavement 
• Sample cannot withstand high level loads for high cycles and will collapse 
• Load is diametric and results are found to overestimate creep deformation 
• Load is not dynamic and/or cannot simulate the real load situation 
• Test is difficult to perform and needs special training 
• Stress distribution between tyre and asphalt is difficult to model  
• Confinement stress provided by test facilities is not realistic 
Wheel Tracker 
The wheel tracker is categorised as a semi-confined simulative test as outlined in Table 
3 in Appendix A. Numerous types of wheel trackers have existed internationally, 
including the Georgia Loaded Wheel Tester (GLWT), the French Wheel Tracker, the 
Hamburg Wheel Tracker and the Asphalt Pavement Analyzer (APA) (Kandhal & 
Cooley 2003). While wheel trackers have been widely adopted as a useful tool to 
evaluate rutting potential in asphalt mix design, the test does not yield a fundamental 
material property. As summarised by the NCHRP (Kandhal, PS & Cooley 2003): 
“a key issue with the APA (or with any other method intended for this purpose, 
including other types of loaded wheel testers and simple strength tests) is the degree 
to which the relationship between the APA’s test results and actual field performance 
depends on specific project-associated factors such as aggregate properties, mix 
design type, traffic level, and traffic speed. 
Internationally the wheel tracker test’s ranking ability has been accepted, however its 
capacity to predict asphalt creep (rutting) rates remains under research (Beecroft and 
Petho 2015 & Tsai et al. 2016).  It is noted that some progress has been made as 
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outlined in AP-T228-13 “Feasibility Study of Using Wheel-tracking Tests and Finite 
Element Modelling for Pavement Deformation Prediction”, (Austroads 2013). 
The publication of EN 12697-22, “Bituminous mixtures - Test methods for hot mix 
asphalt - Part 22: Wheel tracking” (EN 2003) and most recently AASHTO T 324-17, 
“Standard Method of Test for Hamburg Wheel-Track Testing of Compacted Hot Mix 
Asphalt (HMA)”, (AASHTO 2017) have helped ensure the wheel trackers’ worldwide 
use as a simulation test for estimating rutting potential of asphalt mixes (Tsai et al. 
2016). This has been echoed within Australia (Beecroft and Petho 2015) as seen by 
the publication of AGPT-T231-06 Deformation Resistance of Asphalt Mixtures by the 
Wheel Tracking Test (Austroads 2006). 
This study attempts to redesign the existing Australian dynamic creep test (AS 
2891.12) to overcome some of the available challenges regarding the cited rutting tests 
in Table 3 in Appendix A.  This redesign and enhancement of the Australian dynamic 
creep test does not attempt to replace the Austroads wheel tracker test (Austroads 
2006) but rather provides an additional tool for pavement designers and researchers to 
apply in the evaluation and prediction of rutting in asphalt surface layers. 
ALF 
Most of the limitations regarding the test facilities can be solved (in Australia) by the 
use of Accelerated Load Facilities (ALF) and the Accelerated Pavement Tester (APT). 
Koniditsiotis (1996) described the ALF as “a mobile, relocatable accelerated pavement 
testing device which applies a unidirectional rolling wheel load to a 12m pavement 
test strip in order to simulate many years of heavy vehicle loading into a few months”. 
The ability of ALF to rank the performance of different asphalt pavements and also to 
predict the creep deformation of asphalt pavements has been verified, accepted and 
applied through several studies (Hugo et al. 2012; Ritter et al. 2012; Moffatt et al. 
2012). However, the difficulty of using ALF in modelling the mechanical properties 
of asphalt to incorporate mechanistic design has also been highlighted (Koniditsiotis 
1996). This test requires substantial testing costs and effort and few institutions 
possesses this testing facility. ALF testing is normally used to verify existing creep 
models rather than developing new models (Choi 2013). 
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A fundamental test is needed to link the ALF creep deformation trials with mechanical 
properties of asphalt, in order to apply laboratory testing outcomes in mechanistic 
design procedures (Koniditsiotis 1996). Several studies have been attempted using the 
repeated simple shear test, dynamic modulus test and triaxial creep test for this purpose 
(Witzcak et al. 2002; Ali et al. 2017). However, these test procedures all have some of 
the limitations noted in Appendix A. A need remains for the development of an 
economic and easily accessible test to model asphalt creep in the laboratory under 
conditions that better replicate those in the field. 
3.3 Challenges with development of creep deformation test methods 
The main challenges regarding the development of a realistic test to better predict 
asphalt creep deformation are listed below. 
1. Test facilities should provide a realistic dynamic load type and magnitude 
2. Realistic confinement should be provided for laboratory asphalt samples 
3. Air voids and their distribution are measured accurately 
4. Realistic environmental conditions (temperature, moisture, and ageing) are 
provided during testing 
All of the creep deformation test methods provided in Table 1 to 3 in Appendix A 
remain under continual review as researchers attempt to develop more realistic, 
economic and easily accessible tests to model asphalt pavement permanent 
deformation while considering the four points above. Those points are discussed in 
more detail. 
3.3.1 Dynamic load type and magnitude 
Since asphalt mixture is a visco-elasto-plastic material its creep is both temperature 
and load rate dependent. To introduce a realistic creep deformation test, the accurate 
modelling of an in-situ moving load and stresses is needed in the laboratory. These 
include stresses under a moving wheel, their magnitude and frequency and interface 
conditions. 
Stresses under a moving wheel  
The stresses generated by wheel loads can be complex (Figure 3.4a and b).  The principal 
stresses rotate under a moving wheel load (Figure 3.4b). Lekarp et al. (2000) stated that among 
the fundamental tests only the confined Hollow Cylinder Test is capable of modelling the real 
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rotation of in-situ principal stresses. This principal stress rotation cannot be modelled with 
conventional triaxial tests. 
Regarding the stress distribution between tyre and asphalt surface, the research conducted by 
De Beer et al. (1997) and Shuiyou (2003), illustrated that contact stresses (longitudinal, 
vertical, and lateral) are non‐uniform, discontinuous, and non-circular. They are a function of 
load magnitude, shape of tyres, tread patterns of tyres, and inflation pressure (Hjort et al. 
2008). Typical patterns of the contact stresses are shown in Figure 3.5. Among the creep 
deformation tests, only simulative wheel type tests are able to model the exact surface contact 
stress distribution. The fundamental tests are not capable of modelling the situation under a 
load platen. Austroads (2012) reported that this stress variation has little impact on the 
performance of thick asphalt pavement but that it can have a pronounced effect on thin 
surfacing.   
 
 
Figure 3.4: a: Generated stress under moving wheel load (Brown 1978).                       
b: Rotation of principal stress (Lekarp et al., 2000) 
 
 
 
(a) 
(b) 
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Figure 3.5: Vertical, longitudinal, and lateral contact stresses generated by wheel 
loads at the pavement surface (De Beer et al. 1997) 
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In addition to the above stress condition, the stress distribution as a function of asphalt 
depth should also be considered when constructing a realistic laboratory creep test. A 
study conducted by Su et al. (2008) regarding the shear stresses generated within 
asphalt under the tyre (Figure 3.6) showed that the shear stresses below the tyre edge 
vary with depth. When modelling creep within a deep asphalt layer such stress 
variation should be taken into account. 
 
Figure 3.6: The distribution of shear stress in varying depth (Su et al. 2008) 
 
Load magnitude and frequency (waveform) 
As outlined previously creep rates will vary both as a function of load magnitude and 
frequency (Garba 2002; Zhang et al. 2016). In Australia 750kPa is the assumed default 
tyre pressure in pavement design (Austroads 2012).  It has been reported that actual 
tyre pressure vary between 500 and 1000 kPa depending on the tyre shape, number, 
and inflation pressure and/or road slope and position (Potter & Youdale 1998; Gribble 
& Patrick 2008; Hjort et al. 2008; Austroads 2012). A range of stresses (such as 500 
to 1000 kPa) could be applied during laboratory tests to better gauge creep sensitivity. 
The load waveform that is a function of loading time and rest period also affects the 
creep deformation of asphalt (Qi & Witczak 1998; Mansourkhaki & Sarkar 2015). 
Depending on the type of test facilities and specifications most waveforms applied in 
laboratory testing are square pulse or haversine (Table 3.2).  
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Table 3.2: Loading options in different standards (Mansourkhaki & Sarkar 2015; 
Wang 2015) 
 
Standard 
 
Reference 
Loading options 
Wave form Pulse wide: 
ms 
Rest 
period: 
ms 
Deviator 
stress: 
kPa 
Australian: AS 2891.12.1  SA (1995) Square pulse 500 1500 200 
British: DD 226 BSI (1996) Square pulse 1000 1000 100 
European: pr EN 12697 CEN (2001) Square pulse 1000 1000 100 
NCHRP 9-19 NCHRP 
(2000) 
Haversine 
pulse 
100 900 69 
VESYS manual Zhou and 
Scullion 
(2002) 
Haversine 
pulse 
100 900 138 
European: pr EN 12697 NEN-EN 
2005 
Haversine 
(continuous) 
Block 
1 Hz to 5 
Hz 
1000 (200) 
1000 
(800) 
100 to 
300kPa 
100 to 
700kPa  
C.R.O.W RAW standard 
2010 
Wang 
(2015) 
Haversine 
pulse 
400 600 600 
 
It is generally believed that a too short rest period would affect the permanent 
deformation test results due to insufficient time for elastic recovery. In the study 
conducted by Wang (2015) the effect of loading time and loading ratio on creep 
deformation were assessed during 50,000 load cycles using the Triaxial Repeated Load 
Permanent Deformation (TRLPD) test. Varying loading and resting time were used 
under different confinement levels and stress ratios as illustrated in figure 3.7. In the 
legend, for instance 0.2‐1.8‐100‐1.272 (R0.3), the first and second number indicate the 
loading and rest time in seconds, the third number indicates the confining pressure in 
kPa, the fourth is the applied vertical force in kN and the last one, between brackets, 
is the stress ratio of deviator stress to the deviator failure strength (Figure 3.7). The 
research was shown that the selected ratio of loading time to rest period has little effect 
on creep (permanent) deformation during 50,000 load cycles. The creep deformation 
was seen to be more sensitive to the stress ratio. It is worth mentioning that the research 
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was conducted at low stress levels and low cycle numbers (50,000). The assessment 
also was based on the creep deformation and creep slope was not assessed.  
*The first and second number indicates loading and rest time in second. The third and fourth indicates confining 
pressure (kPa) and a vertical force (KN) and the last is the stress ratio (deviator stress to deviator failure strength).  
Figure 3.7: Permanent deformation of specimen under varying conditions 
(Mansourkhaki & Sarkar 2015) 
 
 
Figure 3.8: Schematic representation of loading pattern for various axles 
(Mansourkhaki & Sarkar 2015) 
 
Mansourkhaki and Sarkar (2015) reported that the studies about creep deformation 
potential have been based on a single load pulse and loading duration corresponding 
to a constant speed. In reality, pavements are under the passage of single, double, and 
triple axles (multiple load pulses) at different speeds.  The loading frequency depends 
on axle configuration and vehicle speed as shown in Figure 3.8, subsequently, in-situ 
frequency is different from the one used in current standards. The effect of wave form 
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and loading time on creep deformation is still an issue and is under development 
(Hafeez 2017).   
Interface conditions - platen and asphalt sample surface 
Within the laboratory scale, the contact conditions between the specimen and platen 
has a significant influence on the characterization of asphalt materials (Erkens 2002; 
Wang 2015). It was recommended by Erkens (2002) that a combination of foil (50µm 
thick, Luflexen from Basf), and with a layer of soap minimised friction effects. The 
Austroads (2008b) standard, recommends 1g of “temperature stable silicon based 
lubricating medium” as a solution to friction. Interestingly neither approach relates to 
the actual interfacial condition between a moving tyre and an asphalt road surface 
where high friction is relied upon to provide traction.  
 
Figure 3.9: A: Specimen with 150mm diameter and 50mm height under 50mm platen 
size, and exposed to 750 kPa axial load. B: The elastic model of a road pavament under 
750kPa load (Ahmadinia et al. 2014) 
Using a small diameter platen on a larger diameter asphalt sample is another loading 
related recommendation for modelling creep deformation in the laboratory scale.  This 
idea was first proposed by Bullen and Preston (1992) and Oliver et al. (1995).  Later 
Nunn et al. (1998) applied it in the extension of the Nottingham Asphalt Tester (NAT) 
using a similar approach. The work was presented in European standard EN12697-
25A (EN 2005) and further optimised by Ahmadinia (2017).  The benefits of using a 
small platen are shown in Figures 3.9. It can be seen that when the test procedure uses 
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smaller platens on samples, the test provides a restraining annulus of asphalt. In this 
situation, the stress distribution in the laboratory sample then becomes a closer 
approximation of actual field conditions (Ahmadinia et al. 2014). 
3.3.2 Confinement stress for laboratory samples 
Perhaps one of the most important issues to reproduce for in-situ asphalt pavement 
conditions in the laboratory is replicating the lateral confinement stress. In-situ asphalt 
is surrounded by a mass of asphalt (the passive zone in Figure 3.1), which provides a 
strain generated lateral confinement under axle loads (Figure 3.10). This in-situ 
confinement stress changes as a function of traffic load, asphalt mix structure, level of 
permanent strain, and temperature (Sun, 2005, Choi et al. 2013). Since creep 
deformation is a longitudinal depression of material under stress the deformation can 
be affected by the lateral confinement stress (Tan et al. 1994; Murray 2007; Dołżycki 
& Judycki, 2008; Rahmani et al. 2013; Javilla et al. 2017).  This type of lateral 
confinement stress should be provided in laboratory tests for better evaluation and 
prediction of creep.  
 
 
Figure 3.10: Stress distribution within asphalt layer under tyre (a part of figure is 
from Petersson 2014) 
Existing permanent deformation tests (Tables 1 to 3 in Appendix A) use a range of 
means of generating confinement. The fully confined tests in Tables 1 to 3 in Appendix 
A, (with the exception of the Accelerated Loading Facility) typically provide their 
lateral confinement stress (Partl et al. 2012) via different techniques including water 
pressure, air vacuum, air pressure or using an unconfined annulus of asphalt around 
the sample.  
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The confining conditions provided by these tests do not vary in response to the load-
unload stage of each load pulse as seen within real pavements (Sun 2005). The 
improved test methodology proposed by Ahmadinia et al. (2016) better replicates the 
confinement situation seen in the field by allowing the asphalt sample to respond to 
the applied stresses. The test uses a layered confinement methodology, where the 
asphalt being subjected to tyre pressure is supported by an asphalt annulus, which in 
turn is supported by a polymer (PVC) ring with an infill thermoplastic between the 
asphalt and PVC. The asphalt annulus allows the sample to undergo plastic 
deformation while the polymer ring provides a confining hoop stress that is generated 
in response to the load pulse. A sample under creep testing is shown in Figure 3.11e 
with a mounted stain gauge that was used to measure the confining hoop stress pulses 
generated within the polymer ring (Ahmadinia 2017). Figure 3.11a to e shows the 
varying confinement configuration methods that have been developed for laboratory 
testing. The benefits and limitations of each configuration will be discussed in more 
detail in Chapter 6. 
  
(a)                    (b)                        (c)                           (d)                       (e) 
Figure 3.11: Varying configurations provided for confining laboratory asphalt 
samples 
a Without confinement 
b Confined chamber set up which provides confinement with any of water pressure, air vacuum, air pressure  
c Annulus of asphalt (smaller platen on one side of sample) with or without confinement system shown in b   
d Annulus of asphalt (smaller platen on both side of sample) with or without confinement system shown in b 
e Annulus of asphalt (smaller platen on one side of sample) with PVC ring 
 
3.3.3 Air voids and their distribution 
One largely unmet challenge in assessing asphalt creep is the measurement of air voids 
and their distribution. Total air voids (Figure 3.12) and distribution is a function of 
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aggregate shape, gradation, binder content, and compaction. The mechanical 
properties and behaviour of asphalt under stress can be a function of air voids and their 
distribution (Garba 2002; Tashman et al. 2010).   
 
Figure 3.12: Air voids within Asphalt structure (Tashman et al. 2010) 
Much research has been conducted about the effect of air voids on the mechanical 
behaviour of asphalt mixtures. In general, the research indicates that air voids below a 
minimum specification limit may lead to excessive creep deformation (Roy et al. 
2013), flushing, bleeding and/or mix instability. Air voids above a maximum 
specification limit may lead to accelerated hardening of the binder through oxidation, 
ravelling and stripping of the asphalt layer (MRTS30, 2016). High air-voids content 
can also lead to creep deformation in the early life of the pavement due to post 
placement compaction (Garba 2002; Roy et al. 2013). Fatigue damage, reduced 
strength and durability of asphalt may also result due to excessive air voids (Ren & 
Sun 2017). At elevated temperatures an asphalt mix tends to behave more like a 
granular material due to the low viscosity of the binder. In this situation air voids as a 
part of granular structure play a key role in mechanical behaviour such as creep 
deformation of asphalt mixtures (Wang 2015).  
Low air voids and creep deformation: 
A study conducted by Brown and Cross (1989) about in-place creep deformation 
involved a comparison of pavements, which had experienced creep deformation with 
pavements that had no creep deformation record, after ten years of service life. Coring, 
trenching and laboratory tests were used to assess the source of the ruts. The research 
showed that low air voids in asphalt in the field or in the laboratory re-compacted 
specimens were related to creep deformation. The results were in line with the findings 
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of a previous study conducted by Huber and Herman (1987). Another study conducted 
by Brown and Cross (1992) on 42 pavements from 14 different American states 
concluded that pavements with air voids below 3% have more potential for creep 
deformation and that creep was mostly confined to the top 75 to 100 mm (3 to 4 in.) 
of the pavement. 
 
Research was conducted by Willis et al. (2009) and Levenberg et al. (2012) regarding 
the risk of low air voids and its correlation with pavement distresses such as creep 
deformation. Both studies recommended the critical air voids of 2.75% as the lower 
permitted air voids for dense graded asphalt manufactured with conventional bitumen 
binder. This criterion was regardless of having air voids as result of either a high binder 
content or poor aggregate gradation. It should be noted that asphalt made with polymer 
modified binders indicates a different relationship regarding the air voids and 
permanent deformation, with greater tolerance for lower air voids (Willis et al. 2009). 
 
Air void distribution: 
A study conducted by Wang (2015) assessed the effect of air voids and their 
distribution on the permanent deformation of asphalt at 50°C after about 100,000 load 
cycles in a confined situation.  The Triaxial Repeated Load Permanent Deformation 
(TRLPD) test, X-Ray computer Tomography and ICT image processing were used in 
this research to evaluate the effect of air voids and their distribution after testing. The 
research showed that deformation modes were dependent on the air voids and their 
distribution, which may develop a weak zone in the asphalt sample. The air voids range 
for the research samples was 2.7% to 4.1%. It was interesting that the small difference 
between samples air voids (1.4%) had significant effect on the failure mode. The 
deformation modes based on their research are divided into three categories as shown 
in Figure 3.13.  
• Deformation A: Tensile failure with uniform deformation as a result of the 
uniform distribution of air voids in the asphalt sample (Figure 3.13a). 
• Deformation B: Shear failure as a result of the non-uniform distribution of 
air voids in the asphalt sample. Most of the air voids in this failure form are 
located in the centre of the sample and small air voids can be found in other 
areas (Figure 3.13b). 
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• Deformation C: shear failure (barrelling) as a result of the non-uniform 
distribution of air voids in the asphalt sample. The concentration of air voids 
can be found in the middle of the sample and few air voids are distributed at 
both ends (Figure 3.13c).  
 
Figure 3.13: Failure modes and air voids distribution (Wang 2015) 
 
3.3.4 Environmental conditions  
The operational environmental has a significant effect on asphalt creep deformation, 
and subsequently the service life of flexible pavements (Ongel & Harvey 2004). Three 
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main environmental factors for asphalt surface layers which can influence their creep 
deformation are (Yang et al. 2014; Yang et al. 2015; Hasan et al. 2016): 
• Ambient temperature 
• Solar radiation which influences the ageing rate of asphalt  
• Moisture  
Moisture is normally considered as having more relevance in lower granular layers in 
the flexible pavement. The prediction of in-situ creep deformation for asphalt layers 
in the laboratory depends on how well in-situ temperature and solar radiation is 
modelled in the laboratory tests. 
Temperature effects 
The correlation between the increase of temperature and an increase of creep 
deformation is explained by the thermo-susceptibility of the binder in the asphalt 
mixtures, which leads to more movement of granular materials under traffic loads 
(Partl et al. 2012).  
In most of the laboratory tests, the temperature conditions are under control using an 
environmental chamber. The temperature is normally constant during creep 
deformation tests and is an important parameter for ranking creep sensitivity of asphalt 
mixes. However, in the field, the temperature is not constant and can fluctuate hourly 
during the day. A temperature fluctuation is also seen in the depth of asphalt as outlined 
earlier in Chapter 2.  
Temperature fluctuation affects the mechanical behaviour of asphalt mixtures in 
surface layers, and thus their service life. Asphalt mixtures expand in elevated 
temperatures and contract in low temperatures leading to the generation of 
temperature-induced stresses (Islam & Tarefder 2014). Such repeated temperature 
fluctuations can produce many defects in asphalt pavement and should to be included 
in the design process for such flexible pavements (Merbouh 2012).  
Ideally to best predict creep deformation as a function of temperature, hourly 
temperature fluctuations should be replicated in laboratory tests. As explained earlier 
in Chapter 2, the estimation of temperature gradients is based on numerical and 
presumptive techniques (Merbouh 2012). Research reported by Islam and Tarefder 
(2014), also attempted to model the gradual increase of temperature in field asphalt 
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layers in the laboratory.  Mohd Hasan et al. (2016) designed an environmental chamber 
able to reproduce the hourly increase of temperature during a day (Figures 3.14a and 
3.14b).  
 
Figure 3.14: a: Environmental setup and b: Schematic generated temperature 
evaluation (Mohd Hasan et al. 2016) 
 
Solar radiation 
Asphalt ageing is a function of binder ageing and is generally classified as either short 
or long-term. The former ageing refers to the oxidation and volatilization of the binder 
in the production process, as well as laying and compaction (it also includes storage 
time for laboratory samples). The latter is a result of oxidation of binder due to the 
simultaneous effect of chemical composition, temperature, moisture, and UV radiation 
throughout its service life (Fernández-Gómez et al. 2016). Most of the latter ageing is 
caused by ultraviolet ageing (Wu & Airey 2009) that is the result of ultraviolet 
radiation and oxygen. It can significantly affect the performance of asphalt and its 
durability (Jiani et al. 2013). Most studies involve the use of specialist environmental 
(a) 
(b) 
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chambers and it is recognised that the use of such chambers, would be helpful to better 
evaluate creep in the laboratory. 
The effect of ultraviolet radiation on creep deformation and dynamic modulus of dense 
grade asphalt was assessed by Reyes Ortiz and Camacho Tauta (2008).  The results 
showed that the permanent deformation of asphalt decreased by 57% and the dynamic 
modulus of the asphalt mixture increased between 90% and 132%. Another study that 
assessed the effect of ultraviolet radiation on permanent deformation of asphalt was 
conducted by Fernández-Gómez et al. (2016). In this study two methods of ageing 
were applied for making aged asphalt samples in the laboratory artificially: The PAV 
(ASTM D-6521, for periods of 5, 20, and 50 hours) and specific UV ageing chamber.  
To validate the ageing methods, cored samples from the asphalt pavement with varying 
ages (1.5, 3 and 5 years old) and unaged samples were also prepared. Creep 
deformation tests were undertaken based on the French standard NLT 173 - 84, at 60 
°C under 900 ± 25 kN/m² pressure.  
The research showed a lower level of creep deformation for the samples that were aged 
in the UV chamber (for 1.5, 3 and 5 years), compared to unaged samples (10.7, 30.8 
and 47.9% creep deformation reduction, respectively). Similarly, the field mixture 
experienced an increase in creep deformation resistance with higher environmental 
exposure. The UV chamber used by this project, “enabled the recreation of the effects 
of ageing faced by asphalt mixtures in the field especially throughout the early stages 
of ageing—and allowed parallels to be drawn between UV chamber exposure time and 
field exposure time” (Fernández-Gómez et al. 2016). 
The UV chamber used for the project was capable of simulating UV radiation and 
temperature at a relative humidity of 99%. The chamber used eight lamps that emitted 
radiation in a wavelength of 340nm in the UVA range equivalent to 0.77 W/m2/nm. 
The chamber employed cycles that consisted of a radiation period followed by a 
condensation period. The former consisted of a two hour period when the UV lamps 
were turned on and the temperature was increased to 60°C. The last was a two hour 
period when the lamps were turned off and the temperature decreased to 50°C 
(Fernández-Gómez et al. 2016). 
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3.3.5 Summary of challenges for laboratory creep testing 
To better predict the creep performance in the laboratory, researchers endeavour to 
reproduce the various operational parameters that influence creep life. These are 
categorised in Table 3.3. The variables investigated in this research are air voids and 
their distribution, lateral confinement stresses, loading stress, and temperature. 
Table 3.3. Effective factors on modelling the asphalt creep deformation in the 
laboratory 
 
1. Environment 
Temperature (hourly, daily, and seasonal) 
Solar radiation (in long term) 
Moisture 
 
2. Material 
(Aggregate, Filler, 
Bitumen, Additives)  
Material mechanical properties 
Material durability and ageing sensitivity 
Material chemical properties 
Material size, shape, gradation  
Material temperature sensitivity 
 
3. Structure of Asphalt 
mix and layer 
Structural confinement situation 
Sample air voids and their distribution 
Sample aggregate structure and thickness 
Sample compaction method  
 
4. Load 
Type of load pulse (Square, haversine, triangular or sinusoidal) 
Loading and resting time (as a function of speed, axle number, and axle 
distance) 
Load type (static, cyclic, constant deformation rate) 
Load rate 
Load magnitude 
Loading platen (size, contact situation) 
 
5. Tyre  
Tyre shape, inflation pressure, and size 
Number of tyres 
Distance between tyres 
Tyre contact situation 
 
3.4 Modelling and predicting creep  
Existing laboratory creep evaluation methodologies are largely employed to rank 
asphalt mixes. For example, a mix may be ranked as being suitable for light, moderate 
or heavy traffic in high speed, medium or slow traffic environments.  Extrapolating 
relative short-term creep testing in a laboratory that is meaningful and involves only 
(say) 40,000 cycles out to (say) 106 cycles would be a significant advancement in 
asphalt creep research.  
3.4.1 Literature review of creep deformation modelling  
Creep deformation of asphalt under traffic load is usually modelled through three 
methods as introduced earlier in this Chapter. Empirical models are based on 
55 
 
observation and recorded distress data such as regression equations fitted to observed 
data in field and laboratory tests. These models are normally the simplest material form 
and have limitations regarding in-situ parameters and properties of materials. 
Mechanistic-empirical (M-E) models “are normally developed based on a combination 
of simple mechanistic responses predictions (i.e., often using elastic theory) with 
empirical equations calibrated using laboratory testing in which stress conditions 
representing field conditions are replicated” (De Carvalho 2012). Fully mechanistic 
models are able to predict the creep deformation directly based on complex 
constitutive models. These models have an ability to analyse imposed stresses and 
subsequent strains, by external loads without needing empirical transfer functions (De 
Carvalho 2012). 
Among the models, fully mechanistic models are known as most accurate models to 
predict creep deformation. However, Mechanistic-empirical (M-E) models are 
preferable and commonly used by pavement designers for design, management, and 
maintenance purposes.  
In general, an empirical model must have the following parameters to be accepted as 
a common creep performance model able to be used in Mechanistic-empirical (M-E) 
design: 
1. Must be simply formulated (have a low number of coefficients to consider) 
2. Must be able to accurately model both the primary and secondary stages of 
creep. 
3. Should be implemented in a finite element model.  
4. Must be able to be calibrated through a simple test with the following 
conditions: 
• Simple and easy to understand for asphalt engineers, such as agency 
practitioners  
• Requires low testing time and costs 
• Models the in-situ asphalt conditions as much as possible by providing 
realistic confinement, stress, and environmental condition.  
 
Some of the Empirical and Mechanistic-empirical models are summarised in Table 4 
in Appendix A. These models were fitted on the experimental or field data, and by 
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extrapolation they could be used to predict creep deformation development. So based 
on the test type or experiments the accuracy of the available models will vary. Based 
on the best test conditions which were noted earlier, several research studies (De 
Carvalho 2012; Choi 2013; Rushing et al. 2014; Javilla et al. 2017) were recently 
conducted to assess the accuracy of these models to predict the creep performance of 
asphalt mixtures.   
Rushing et al. (2014) reported that some of the simple creep deformation models, 
including the models introduced by Monismith et al. (1985) which use a power base, 
could be successfully used to simulate the creep deformation development behaviour 
of asphalt mixtures for laboratory tests in the secondary region of the creep curve (for 
a maximum of 8000 cycles). Choi (2013) also reported that most of the classic power 
law models are able to predict the creep deformation accurately only in the second 
region of creep curve (during 10,000 cycles). The incremental model (Table 4 in 
Appendix A) was reported by Choi (2013) as the best fit for a creep deformation 
prediction of a repeated load creep deformation test (maximum 50,000 cycles).  The 
rut depth can be calculated through this model if the creep depth correction factor is 
used.  
 
Figure 3.15: Comparison of creep deformation models with repeated load test (Choi 
2013) 
Javilla et al. (2017) compared some of the models noted in Table 4 in Appendix E 
which can be seen in Figure 3.15. The model parameters were optimised using two 
repeated load laboratory tests: Uniaxial Repeated Load (URL) test and Wheel 
Tracking Test (WTT) in 1000 cycles. The calibrated models in the first stage (10, 100, 
and 1000 cycles) were used to predict the creep deformation in 10,000 cycles. Average 
deviation error (%) and  R2 for the creep tests were calculated and compared for all 
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models. As the results in Figure 3.16 show, by increasing the R2 value, the deviation 
error decreased. However, it has been proven that the accuracy of the model to predict 
the creep deformation in the long term is not related to the R2 alone.  
It was shown that the model accuracy, in addition to the model’s R2, depended on the 
number of cycles which were used to calibrate the model parameters.  The best 
prediction results belonged to the Tseng-Lyton model (N≥2000 cycles) and Monismith 
et al. (1975) model (N≥3000 cycles). The deviation error dependency of these two 
models to the cycle number in the study is shown in Table 3.4.  
 
 
Figure 3.16: The variation of the deviation error in the final creep deformation and R2 of various creep models (Javilla et al. 2017). 
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Table 3.4: The deviation error dependency of these two models to cycle number 
(Javilla et al. 2017) 
 
Most of the models in Table 4 in Appendix E are the outcomes of different 
mathematical fittings on test data. The accuracy and capability of the models to predict 
the creep deformation and creep depth directly depends on the ability of applied tests 
to simulate the real in-situ situation.  
Among the existing asphalt creep deformation tests (Table 1 to 3 in Appendix A), most 
of the literature (Khandehal & Cooley 2003; Huang & Zhang 2011; Partl et al. 2013) 
recommended the triaxial compression repeated load tests or loaded wheel testers to 
simulate the development of creep deformation and also to optimise the model 
parameters. For the Mechanistic – empirical design, the triaxial compression repeated 
load tests are more common because of accessibility, low price, the known stress 
distribution, and the capability to easily calculate the modulus of asphalt (Di Beneditto 
et al. 2001; Huang & Zhang 2011).   
However, as discussed earlier in section 3.3, the TRLPD tests of the ability to predict 
the creep deformation development in the field is not reasonable at the moment and is 
under development to overcome the following listed issues for the laboratory 
condition: 
• Simulating the in-situ confinement in laboratory 
• Simulating the real in-situ stress distribution under tyres 
• Controlling the air voids distribution in the laboratory 
• Simulating the in-situ environmental situation such as daily temperature and 
UV fluctuations. 
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3.5 Summary 
The Chapter provided details of an extensive literature review that encompassed the 
following aspects: 
1. The creep deformation mechanisms in flexible asphalt pavement 
2. The critical parameters that influence the creep deformation of asphalt in the 
field 
3. The range of globally available tests employed to evaluate creep deformation 
in the laboratory and their limitations 
4. The key challenges to optimise creep deformation testing and the current 
attempts to address those challenges 
5. The available Mechanistic-empirical creep deformation models and the major 
limitations regarding these models for accurate prediction of creep.  
 
The review has indicated that there appears to be much research remaining to be 
undertaken for improving laboratory testing methodologies that will generate superior 
models that can be used to better predict in-situ behaviour. The literature review 
indicated that laboratory creep testing should be undertaken while applying stress 
responsive confinement that reflects in-situ behaviour. Air voids and their distributions 
in the laboratory samples is another factor which should be considered to better rank 
the creep resistance through laboratory creep tests.  It was also noted that stress levels 
should represent tyres pressures of 500 to 1000 kPa as seen in most heavy vehicles. 
The focus of this research will be on creep prediction through optimising the current 
Australian (Ahmadinia 2017) approaches to creep testing by considering the noted 
challenges.  
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4.1 Introduction  
Asphalt creep is dependent on the mix design, environmental and traffic factors. Any 
laboratory creep tests need to consider numerous factors to best predict the resistance 
of an asphalt pavement to creep deformation under repetitive trafficking. 
The current research focuses on development of a Multistage Confined Dynamic 
Creep (MCDC) test and an Ultrasonic Wave Transmission (UWT) technique to better 
rank asphalt creep deformation resistance and subsequently to estimate the asphalt 
creep life for flexible pavements.  
The chapter encompasses the following aspects and provide an overarching outline of 
the research plan and methodology (Figure 4.1).  
 Asphalt mix materials and their properties; 
 Asphalt sample fabrication and preparation for testing; 
 Universal Testing System (UTS) optimisation;  
 Numerical modelling; and 
 Application of the UWT technique and the MCDC test.  
Subsequent chapters provide details. 
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Figure 4.1: Overarching outline of the research plan and methodology 
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4.2 Material selection 
The performance characteristics of an asphalt mixture depend on the asphalt mix 
design which is influenced by the following key factors: 
• Maximum aggregate size and gradation 
• Aggregate type and properties 
• Binder type and properties 
• Air voids   
• Additive types and properties 
The laboratory work for this study used a type III BCC (Brisbane City Council) Mix 
with a 20mm nominal aggregate size made with three types of binder: Conventional 
Bitumen (C320), Multigrade Bitumen (M1000) and Polymer Modified Bitumen 
(PMB-A5S) binder. All asphalt samples used in this study were fabricated with the 
same aggregate type and gradation using the same binder content (5%).  The target air 
voids (1% to 10%) were achieved by changing the level of compaction using a shear 
box compactor. All asphalt mixes used were plant produced at the BCC mixing plant 
located at Eagle Farm in Brisbane. In order to ensure the quality of the selected 
materials, each of the materials was subjected to standard compliance testing prior to 
mix production.  
4.2.1 Aggregate type and gradation 
The properties of coarse and fine aggregates used for fabricating all asphalt specimens 
are described in Table 4.1 and Figure 4.2.  
Relevant tests to Australian Standards (AS) and Queensland Department of Transport 
and Main Roads (Q) specifications were undertaken for the selected coarse and fine 
aggregates and filler. The test results are summarised in Tables 4.2 and 4.3. 
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Table 4.1: BCC Type III aggregate gradation 
 
Sieve (mm) Design Grading (% passing) 
Upper Limit  
(% passing) 
Lower Limit 
(% passing) 
53.0 100 100 100 
37.5 100 100 100 
26.5 100 100 100 
19.0 100 100 100 
13.2 98 100 91 
9.5 78 85 71 
6.7 62 69 55 
4.8 46 53 39 
2.4 34 39 29 
1.2 25 30 20 
0.6 19 23 15 
0.3 12 16 8 
0.2 6.8 9.3 4.3 
0.1 5.8 7.3 4.3 
 
 
 
Figure 4.2: BCC Type III aggregate gradation plot 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
0.0 0.1 1.0 10.0
Pa
ss
in
g 
Pe
rc
en
t (
%
)
Sieve Size (mm)
BCC type III aggregate gradation
Design Grading
Upper Limit
Lower Limit
65 
 
 
Table 4.2: Aggregate characteristics 
Test 
Method Description Limits 
7 mm agg 
result 
9 mm agg 
result 
14 mm agg 
result 
AS 1141.11 Grading - Conforming Conforming Conforming 
AS 1141.15 Flakiness <30% 11.6 12.4 7.8 
Q 214 B Water Absorption Max 2% 0.68 0.39 0.5 
Q 214 B Particle density (Dry) t/m3 2.666 2.668 2.672 
Q 215 Crushed Particles Min 80% 100 100 100 
Q 217 Weak Particles Max 1% 0.7 0 0 
Q 205 B 10% Fines Min 150 KN 296 272 239 
 Product Conforms (Yes/ No) Yes Yes Yes 
Note: Q refers to a Queensland Department of Transport and Main Roads test method 
 
Table 4.3: Filler characteristics 
Test Method Description Limits Baghouse  test result 
Rockflour  
test result 
Combined 
BH/RF 
 test result 
AS 1141.11 
600 µm Grading 
100 100 100 100 
(AS 2357 Limits) 
AS 1141.11 
300 µm Grading 
95-100 100 100 100 
(AS 2357 Limits) 
AS 1141.11 
75 µm Grading 
75-100 92.8 97.1 97.1 
(AS 2357 Limits) 
AS 1141.17 Voids in Compacted Filler Min 38% 48 49 46 
AS  1141.7 Apparent Particle Density TBR 2.706 2.756 2.729 
  Products Conforms (Yes/ No) Yes Yes Yes 
 
4.2.2 Binder types  
In asphalt wearing courses, where asphalt has greater exposure to the environment, the 
selected binder type and content play the key role in the pavement performance 
(Austroads 2008a).  The sub-tropical/temperate climates of most Australian states 
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make the selection of appropriate binder critical in order to deal with such common 
pavement temperature sensitive distresses, such as the creep deformation of asphalt.  
In this research, to assess the influence of the binder type on the creep deformation of 
asphalt pavements in short and long term under different temperature, three types of 
bitumen binder are selected; Conventional, Multigrade and PMB.  These three binder 
types have different rheology properties. One unmodified bitumen binder (C320) and 
two bitumen binders known to enhance rut resistance, i.e. Multigrade (1000/320) and 
SBS Polymer Modified Bitumen (PMB-A5S), were used to fabricate the asphalt 
specimens. The rheological properties of the three selected bitumen binder were 
determined using standard Australian test procedures and details are provided in 
Tables 4.4, 4.5, and 4.6. 
Table 4.4: Properties of bitumen binder class C320 
Property Test Method Limits Test result 
Viscosity at 60ᵒC (Pa.s) AS 2341.2 260-380 328 
Penetration at 25°C, 100g, 5s  AS 2341.12 Min 40 49 
Softening point (°C) AS 2341.18 Report 51.2 
Viscosity at 135°C (Pa.s) AS 2341.2 0.4-0.65 0.53 
 
Table 4.5: Properties of Multigrade 1000/320 bitumen binder 
Property Test Method Limits Test results 
Viscosity at 60°C (Pa.s) AS 2341.2 Report value 910 
Viscosity at 135°C (Pa.s) AS 2341.4 1.5 max 0.78 
Viscosity at 60°C after RTFOT (Pa.s) AS 2341.2 3500 - 6500 5550 
Softening Point (°C) AS 2341.18 Report 58.5 
Flash Point, °C AS 2341.14 250 min 348 
Density at 15°C (t/m3) AS 2341.7 Report 1.031 
 
Table 4.6: Properties of Polymer Modified bitumen binder (PMB-A5S) 
Property Test Method Limits Test result 
Consistency at 60°C (Pa) AG: PT/T121 5000 min 11254 
Stiffness at 25°C (kPa) AG:PT/T121 30 max 19 
Viscosity at 165°C (Pa.s) AG:PT/T111 0.9 max 0.64 
Softening Point (°C) AG:PT/T131 82-105 103.0 
Flash Point, °C AS 2341.14 250 min 334 
Loss on heating (%) AG:PT/T103 0.6 max 0.1 
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4.3 Sample fabrication 
4.3.1 Asphalt mix design and sample preparation 
The material properties of three selected asphalt mixes were provided in the previous 
section. The same binder content was used for all three types of mixes (5%) to be able 
to evaluate the effect of the binder type in the performance of the selected mixes. Air 
voids were controlled from 1 to 10% during mix compaction in the laboratory. All 
three selected mixtures are well known within the industry as having different creep-
resistance ability based on the binder used (Austroads 2010, Austroads 2014).   
All asphalt mixes were produced from the same production runs to ensure that the 
quality and the production processes of mixes were the same. Bulk uncompacted mixes 
were stored in a covered container before compaction. Compacted slabs were produced 
using a shear box compactor. The 150mm diameter samples were cored from the slabs 
and cut into 50mm thicknesses, and trimmed using a belt sander. Finally, all samples 
were stored in containers and transferred to the USQ laboratory for measurement and 
testing.  
4.3.2 Sample preparation for air voids measurement and UWT test 
Specimens received from the Eagle Farm plant were washed, dried and preconditioned 
at a temperature of 25°C for 48h before being subjected to air voids measurement as 
per Australian Standard (AS/NZS 2891). 
After finalising the air voids measurement, all samples were kept in a temperature 
controlled sealed dry environment.  Both lower and upper surface of the cylindrical 
samples were coated with silicone mastic to fill all surface voids for smooth surfaces.  
Finally, samples were conditioned in the oven at 25°C for 48 hours to be ready for the 
ultrasonic transmission test (UWT). The UWT technique, using a Pundit7 apparatus, 
was applied according to BS EN 12504-4 standard to generate the ultrasonic wave and 
to determine the ultrasonic pulse velocity of the asphalt sample. Further details of 
ultrasonic testing are provided in Chapter 5.     
4.3.3 PVC ring confinement  
The confining system that was used in this research involved encasing the asphalt 
sample in a PVC ring and a Liquid Glass (LG) epoxy resin. Previous research 
conducted by Ahmadinia et al. (2017) showed that the PVC wall and resin thickness 
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have a direct effect on the magnitude of confinement. A PVC ring of 150 mm nominal 
internal diameter with a 2.5mm thickness was selected based on this previous research. 
To fill the 2.5mm gap between asphalt sample and PVC ring, a flowable LG epoxy 
resin was used. The LG epoxy resin properties are outlined in Table 4.7.  
The asphalt sample was located in the centre of the PVC ring and the gap between the 
two was filled with LG epoxy resin as shown in Figure 4.3. Samples were then 
preconditioned in an environment of 25°C for two weeks to let the resin cure 
completely. The confinement procedure was the same for all samples, in order to 
assess the effect of other variables.  
 
Table 4.7: Properties of liquid glass epoxy resin 
 
Property Description 
 
Appearance      Water-Clear when mixed 
 
Mix ratio Volume: 2 base to 1 hardener 
Drying time 7-10 days for 100% 
Proprietary name Norglass epoxy resin 
 
 
 
Figure 4.3: PVC confinement set up 
4.3.4 Strain gauges set up 
The validation of the new confinement system was assessed based on the generated 
load related stress around the PVC ring. For this purpose, and also in order to evaluate 
the effect of other variables such as load, air voids, and the temperature on the 
confinement stress, two 30mm strain gauges were glued on the sides of the PVC ring 
for all samples (Figure 4.4). The measured strain in the laboratory was then compared 
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with the results of numerical models in order to better investigate the impact of the 
confining system variables. Table 4.8 provides details of the applied strain gauges. 
Table 4.8: Strain gauge specifications 
Property Description 
Gauge type PFL-30-11 
Gauge factor 2.13 ± 1% 
Gauge resistance 119.6 ± 0.5Ω 
Transverse Sensitivity - 0.1 % 
Gauge length 30 mm 
Element Single element 
 
 
Figure 4.4: Strain gauge set up 
 
4.4 Test procedures 
4.4.1 Air voids measurement  
4.4.1.1 The Australian Standard (AS/NZS 2891) 
A key challenge in assessing the deformation characteristics of asphalt is the control 
and measurement of air voids. For all preconditioned samples (25°C for 48h) the air 
voids content of the whole sample was determined using the Australian Standard 
method (AS/NZS 2891) as follows: AV = ρmax− ρbulk
ρmax
 × 100                                              (4.1) 
AV = air voids content (%) 
ρmax = Maximum Density (t m3⁄ ) 
ρbulk = Bulk Density (t m3⁄ ) 
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4.4.1.2 Ultrasonic Wave Transmission (UWT) technique 
The Australian Standard method is only able to determine the air voids value for the 
whole sample and cannot reveal the complex distribution of internal air voids based 
on the aggregate structure in an asphalt sample. In this research, the vertical stress is 
applied by using the 50mm platen size on 150mm diameter sample. Knowledge of the 
air voids under the platen enables a better analysis of creep deformation data.   
In this research, the UWT technique used a Pundit 7 apparatus (Figure 4.5a), applied 
according to BS EN 12504-4 standard to generate the ultrasonic wave and to determine 
the ultrasonic pulse velocity of the asphalt sample. Two 54-kHz piezoelectric crystal 
transducers (transmitter and receiver) were placed in parallel at each side of the 
specimen to measure ultrasonic wave transit time (for P-wave) at 17 different locations 
of the sample at 25°C as shown in Figure 4.5.b. The transit time for the compression 
wave (P-wave) to pass the length of the asphalt sample was recorded to calculate the 
ultrasonic pulse velocity using the 5.1 formula in chapter 5.  
 
Figure 4.5: (a): Pundit 7 with two transducers (b): Sample divisions (17 points) for 
ultrasonic test 
 
4.4.1.3 Measuring Air voids in the centre of sample  
The air voids in the centre of sample were determined according to the following steps:  
1. Measure Ultrasonic Velocity (UV) for 17 locations; 
2. Measure Air Voids (AV) of the whole sample using Australian Standard; 
(a) (b) 
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3. Generate the regression equation between the data generated in steps 1 and 2 
for all samples; and 
4.  Calculate the AV in centre of the sample using UV in the centre (step1) and 
the calculated regression equation (step 3). 
In Chapter 5 the UWT development procedure is explained in more details and all 
related calculations discussed. 
4.4.2 Multistage Confined Dynamic Creep (MCDC) test  
4.4.2.1 Universal testing system (UTS) optimisation  
The Industrial Process Controls (IPC Global) company introduced its UTS 14 software 
for the Universal Testing System (UTS) machine to calculate and measure the 
permanent strain in each load cycle. Limitations of the software are (i) it is unable to 
record and present the details for a single complete load cycle data, and (ii) it is not 
possible to continue the test while changing the magnitude of the load.  
An extra data logger was attached to the UTS machine using three “UTM Normalised 
BNC Breakout Cable Assemblies” (Figure 4.6a) to extract and record more data from 
the UTS machine. The cables provided the required connection between UTS IMACS 
Chassis (Figure 4.6b) and Universal amplifier (Figure 4.6 c). The set up was able to 
record the data from the LVTs and strain gauges at the same time. This enabled 
continuous recording of data for different load pulses and also for analysing data over 
a single load pulse. The UTM set up details are illustrated in Figure 4.7.  
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Figure 4.6:  
(a). UTM Normalised BNC Breakout Cable Assembly  
                               (IPC part number. 0002-2239)  
  (b). IMACS Chasis of Universal Testing System (UTS)  
                         (c). The Universal Amplifier (QuantumX MX1601B) 
 
 
 
Figure 4.7: Optimisation of UTS tester using an extra data logger 
 
(a) 
(b) (c) 
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4.4.2.2 Multistage Confined Dynamic test procedure 
The Multistage confined dynamic creep test was undertaken using the IPC Universal 
Testing System (UTS) machine. The test steps were as follows: 
• Confinement and strain gauge setup (as outlined in sections 4.3.3 and 4.3.4); 
• Smoothing sample surface using 80 grit emery paper to remove any surface 
defects to ensure a flat testing surface; 
• Reduction of the end friction using silicone lubricant on both ends of the 
sample; 
• Placing the confined sample centrally aligned under the actuator; 
• Attaching strain gauges to the data logger; 
• Conditioning the sample in the control chamber at the desired test temperature 
for a minimum of two hours; 
• Setting up the UTS 014 software using the parameters in Table 4.9 and 
applying the selected dynamic load; and 
• Running the other data logger and UTS014 software simultaneously to record 
data for 12 hours.   
• Record the data for analysis the creep slope and creep deformation. An 
example outcome of multistage confined creep testing is provided in Figure 
4.8. 
   
Table 4.9: Details for MCDC test 
Parameter  Description 
Compressive stress (stage 1, 2, and 
3) 
500,750, and 1000 kPa 
Seating stress 20 kPa 
Loading period 1 500 milliseconds (ms)* *Represent the 
vehicle speed of 3.2 
km/h  Pulse repetition period 1 2000 milliseconds (ms)* 
Loading period 2 100 milliseconds (ms)* *Represent the 
vehicle speed of 16.1 
km/h Pulse repetition period 2 1000 milliseconds (ms)* 
Test temperature (one of) 40ᵒC or 50ᵒC 
Minimum termination pulse count 40,000 cycles for each stage 
 * Vehicle speed is a function of loading period and calculated based on the frequency concept of NCHRP 9-19 which is 
presented in Kumlai et al at 2014. 
The development process of MCDC test will be explained in detail in Chapter 6.  
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Figure 4.8: Multistage Confined Dynamic Creep (MCDC) test results 
 
4.5 Finite element modelling of stress distribution  
Elastic modelling of the dynamic test with the new confinement system was 
undertaken for the following purposes: 
• To validate the new confinement system by assessing the stress distribution in 
the laboratory dynamic creep test; and  
• To compare the stress/strain distribution in the sample to that in an asphalt 
layer. 
Abaqus, one of the most popular finite-element programs, was used for two 
dimensional modelling of asphalt pavement layer and laboratory confined samples as 
follows: 
• Elastic model of single layer asphalt pavements under different tyre pressure 
(500, 750 and 1000 kPa stress); and   
• Elastic model of laboratory specimens (with 150mm diameter and 50mm 
height confined by multilayer system including 2.5mm LG resin and 2.5mm 
PVC ring, using 50mm platen sizes) and the above pressures. 
Some characteristics of the elastic models are as follows:  
a) Model subdivision: 40 ×40 nodes.  
b) Model elements: 8 node quadrilateral elements.  
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c) Axisymmetric model: (Rx=Ry=Rz=0 and Z translation= 0).  
d) Edge Restraints: (Y axial symmetric: Dy free, Dx=fixed, and, X axle: Dx 
free, Dy= fixed, where in all the other places: Dx= Dy= free).  
e) Material properties input;  a) Material; Isotropic   
                                           b) Type; axisymmetric.  
Further details of the FEM models are provided in Chapter 6. 
4.6 Application of the MCDC test for creep resistance ranking of asphalt 
The MCDC test procedure involved obtaining permanent deformation for 120,000 
cycles for some samples in order to ascertaining the use of early stage creep to predict 
later stage performance. The long term 120,000 cycles indicated that the following 
would provide the valuable information. Full details are provided in Chapter 6. 
1. Permanent deformation in 20,000 cycles in each stage. 
2. Secant creep slope between 20,000 and 40,000 cycles. 
3. Secant creep slope between 40,000 cycles and estimated one in 100,000 cycles 
for each stage. 
This methodology was used for asphalt samples ranking under varying operational 
conditions using the MCDC test. The test, supported by the UWT void evaluation 
technique, was adopted as a measure to better predict extended laboratory creep 
performance. 
4.7 Creep life prediction method using MCDC test 
Predicting the service life of asphalt pavements as a function of permanent deformation 
at high loads and temperatures remains an ongoing challenge for Australian road 
agencies as they model future maintenance strategies.  
 
The application of MCDC data for estimating creep life was investigated through: 
1. Creep slope and conventional intercept calculation 
2. Creep life estimation using calculated parameters 
The development process of creep life estimation using MCDC test methodology is 
discussed in detail in Chapter 6.  
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4.7.1 Creep slope and conventional intercept measurement 
To predict a creep life, the accurate measurement of creep slope in the steady state of 
creep (Figure 4.9) is required as an input variable. The creep data from the MCDC test 
in each test stage was analysed to calculate a secant creep slope as follows: 
1.  A power regression model was used to predict the creep deformation up to 
500,000 cycles, based on laboratory testing data between 20,000 cycles and 
40,000 cycles.  
2. Permanent strain at 100,000 cycles and 500,000 cycles obtained from the 
power regression model was used to calculate a secant creep slope and 
“conventional intercept” (Figure 4.9 Schematic). 
The secant creep slope calculation will be discussed in detail in Chapter 8. 
 
 
Figure 4.9: Schematic diagram of creep stages and slope 
4.7.2 Creep life estimation 
A schematic transverse profile of creep deformation within an asphalt surface is shown 
in Figure 4.10. For the following analysis, a pavement’s serviceability is considered to 
be affected by creep deformation when it exhibits a total creep depth of 25mm. This 
25mm level includes both densification and shear deformations. Since it was possible 
to measure heave in the laboratory samples the analysis used a 20mm creep 
deformation depth to calculate the creep life of asphalt. To allow modelling, the 20mm 
was assumed to occur within a 200mm asphalt layer to obtain an estimation to the end 
Conventional 
intercept 
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of serviceability. As the laboratory samples were 50mm in depth a 4:1 ratio of 5mm 
was used as the end of creep life for laboratory samples. 
 
Figure 4.10: Transverse profile of rut depth (creep deformation) under the tyre 
 
The creep life of the asphalt mixes, based on the laboratory data was determined as 
follows: 
1. The permanent strain was estimated at 500,000 cycles in each stage by fitting 
a power regression model (𝑦𝑦 = 𝑎𝑎𝑎𝑎𝑏𝑏) to the data between 20,000 and 40.000 
load cycles and extrapolating the data to 500,000 cycles.  
2. Both secant creep slope (m) and conventional intercept (c) (Figure 4.9) were 
calculated using the secant between permanent strain at 100,000 and 500,000 
load cycles.  
3. The permanent strain life (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚) was calculated in using the height of sample 
(h) and a 5mm target creep depth (creep depth limit in the laboratory) as 
follow: 
     εmax = 5∗106h                                                                     (4.2) 
 
4. Creep life finally in cycles can be calculated using the following formula: 
 Creep life =  (εmax−c)m                                                                        (4.3) 
 
Creep life estimation using MCDC test will be discussed in detail with an example of 
the procedure in chapter 6. 
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4.8 Compressive resilient modulus calculation of asphalt using MCDC test 
The applied load pulse in MCDC test includes 0.1s loading and 0.9s resting time 
illustrated in Figure 4.11. The resilient modulus determined from the MCDC test 
(Figure 4.12) can be defined as the ratio of the repeated axial deviator stress to the 
recoverable or resilient axial strain: 
𝑀𝑀𝑐𝑐𝑐𝑐 = 𝜎𝜎𝑑𝑑𝜀𝜀𝑟𝑟                                                                                                               (4.4) 
𝑀𝑀𝑐𝑐𝑐𝑐 : Compressive resilient modulus 
𝜎𝜎𝑑𝑑  : Deviator stress (cyclic stress in excess of confining pressure) 
𝜀𝜀𝑐𝑐   : Resilient strain in the vertical direction 
 
 
Figure 4.11: Shape and duration of applied repeated load (Titi 2006) 
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Figure 4.12: Stress and strain in one load cycle (Titi 2006) 
 
The applied deviator stresses were 500, 750, and 1000 kPa. The shape and duration 
of applied repeated load were the same (0.1s loading and 0.9 rest) for all tests. 
4.9 Summary  
The chapter outlines the overarching research plan and methodology and provides 
introductory explanation of the various research components commencing with 
material selection, mix design, sample preparation. Testing configuration and 
confinement setup using the stress repulsive confinement approach developed by 
Ahmadinia (2018) was described along with further development in instrumentation 
and data acquisition.  
 
In this chapter, in two steps the applied test methods were discussed. First, two applied 
air voids measurement techniques: Australian Standard and UWT technique and the 
method of using UWT to measure the air voids under the load platen. Second, the 
MCDC test arrangement including IPC-UTM development and data acquisition. Then, 
the applied finite element methodology to validate the MCDC test was explained. The 
creep life measurement procedure using both MCDC test data and applied 
mathematical modelling also discussed. The final test, which is the measurement of 
compressive resilient modulus of asphalt using MCDC test, is also explained. 
 
All key research components are discussed in detail in subsequent Chapters.  
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CHAPTER 5 
DEVELOPMENT OF AN ULTRASONIC TECHNIQUE TO MEASURE AIR 
VOIDS 
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5.1 Introduction  
It is widely accepted that air voids play an important role in asphalt creep deformation. 
To better enable correlation between laboratory evaluations and field behaviour it is 
important to know air voids and their distribution. Most available air voids tests are 
only able to measure the air voids in whole samples and only a few of them are able to 
measure air voids distribution without sample destruction. Non-destructive techniques 
such as a combination of X-ray Computed Tomography (CT) and image analysis 
methods (Castillo & Caro 2014; Masad et al. 1999; Masad et al. 2002; Partl et al. 2012) 
are time consuming, expensive and complex. A simple test for measuring the air voids 
distribution for laboratory samples would greatly enhance data analysis and 
correlation.  
In this part of the research, a simple non-destructive test methodology is outlined. The 
test is expected to:  
• Determine the air voids distribution  
• Detect sample defects 
• Determine the air voids in the centre of sample 
The Ultrasonic Wave Transmission Technique (UWT) is able to measure the true air 
voids under the small platen (50mm) which is used in the multistage confined creep 
test. Measuring the air voids under the platen enables better creep data to be generated.  
5.2 Existing air voids measurement techniques 
The accurate assessment of air voids within asphalt is a vital and critical component 
of quality assurance and control (QA/QC) procedures (MRTS30 2016; Dubois et al. 
2010). There is a range of different methods (Table 5.1) employed to measure the air 
voids content dependent on the mix type (Dense Graded, Open Graded or Stone Mastic 
Asphalt), maximum aggregate size, compaction method and water absorption. The 
main difference across the various standards relates to the measurement method used 
for bulk specific gravity and maximum specific gravity as illustrated in Table 5.1. 
All the laboratory techniques mentioned in Table 5.1 are useful when the total air voids 
of the sample is required. However, none provide any information regarding air voids 
distribution within the laboratory sample. Investigating the impact of the air voids 
characteristics and distributions is thus difficult when using the methods provided in 
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Table 5.1 (Ren & Sun 2017). A non-destructive technique, which could quickly 
evaluate the distribution and microstructure of air voids of compacted asphalt in the 
laboratory would be well received by industry (Ma et al. 2016).  
Over the last few years, research has focused on developing non-destructive laboratory 
techniques to evaluate the complexity of internal air voids structures within asphalt 
samples. In 2010, Vincent et al. successfully used a gamma-densitometer to assess the 
influence of the compaction process on the air voids homogeneity of asphalt samples 
(Dubois et al. 2010). Other non-destructive techniques such as X-ray Computed 
Tomography (CT) and image analysis methods (Castillo & Caro 2014; Masad et al. 
1999; Masad et al. 2002; Partl et al. 2012) have been applied by other researchers and 
the research outcomes have shown that air voids within compacted asphalt are not 
uniformly distributed (Castillo & Caro 2014; Masad et al. 2002). In addition to the 
methods noted above, researchers have used Discrete Element Methods (DEM) for 
modelling air voids in asphalt to assess the impact of air voids distribution and 
microstructure on mechanical properties and pavement distresses (Castillo & Caro; 
2014, Partl et al. 2013). 
Table 5.1: Air voids measurement laboratory techniques (a part of data extract from 
Praticò & Moro 2012) 
Outcome Method Application Indicator Standards 
 
 
 
 
 
 
Calculating 
air voids 
content (%) 
in the 
laboratory 
compacted 
specimens 
 
 
AASHTO 
 
Or 
 
ASTM 
 
 
Or 
 
EN 
 
Or  
 
AS/NZS 
 
 
 
 
Depends on 
the mix 
type, 
aggregate 
size and 
water 
absorption 
one of the 
methods can 
be chosen 
for air voids 
calculation 
Dimensional AASHTO T 269-97(2007) EN 12697-
6:2003 
Parafilm ASTM D 1188-07 (abs > 2%) 
Vacuum 
Sealing 
Device 
ASTM D 6752-09/AASHTO  
T 331-08(2008) 
WA-733.2-2008 
Paraffin AASHTO T 275-07(2007) A (abs > 2%)  
EN 12697- 6:2003 
Saturated 
surface dry 
AASHTO T 166-07(2007) 
ASTM D 2726-09 (abs < 2%)  
UNI EN 12697-6:2003 
AS/NZS 2891 
Bucket 
vacuum 
assembly 
ASTM D 2041-11  
AASHTOT-209–10-UL (rice method) 
Water 
displacement 
method 
ASTM D 6857-09 
AS/NZS 2891 
TMR-Q306A 
Silicone sealed TMR-Q306C 
 Abs: water absorption; EN: European standard; AS/NZS: Australian standard; ASTM: American Society for 
Testing and Materials; AASHTO: American Association of State Highway and Transportation Officials; TMR: 
Transport & Main Roads (Australia); WA: Main Roads Western Australia. 
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The research techniques outlined above have typically required advanced equipment 
and/or modelling knowledge. The research reported here describes a simple technique 
using ultrasonic assessment for laboratory use to predict the air voids content and 
distribution in asphalt samples. This technique will be useful for better evaluating 
some tests such as fatigue and creep where the applied load and stresses (dynamic or 
static) are localised at a specific part of the asphalt sample. 
5.3 Ultrasonic Wave Transmission (UWT) technique and asphalt mixtures 
Non-destructive tests (NDT) have been successfully applied widely in civil 
engineering to obtain information on materials and structures. NDT techniques give 
information about material and structure properties without deteriorating their 
structure and serviceability. NDT methods applicable to use in engineering fields can 
be categorised as follows: 
• Rebound hammer methods 
• Acoustic methods (Ultrasound, acoustic emission, impact-echo, and etc.) 
• Radiation methods (gamma ray, Neutron emission, etc.) 
• Electromagnetic method 
• Infrared thermography methods 
The Ultrasonic Wave Transmission (UWT) method is one acoustic method that has 
been widely used in civil engineering fields for the quality control with the following 
purpose (Garbacz & Garboczi 2003): 
• Evaluating of material strength and homogeneity 
• Evaluating of structural integrity (detection of various types of defect) 
• Monitoring strain gain 
• As a complement to other tests 
The UWT method (also called pulse velocity) employs the determination of travel time 
of a longitudinal ultrasonic wave over a known path length after its transmission 
through the tested medium. Transducers for emitting and receiving are usually 
positioned on the different sides of the tested sample (figure 5.1). Based on the 
transducer positions, the technique is categorised as; direct method, semi-direct 
method or indirect method.  Between the noted methods, the direct method is the 
simplest and most widely used arrangement of transducers, and results in accurate 
outcomes.  
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Figure 5.1: Models of wave transmission in UWT test (Ultrasonic Pulse Velocity 
Test-webpage) 
The common procedure for evaluation of material properties using the UWT method 
consists of regression analysis of the experimental relationship between the pulse 
velocity and selected technical properties such as modulus. The regression analysis 
(linear or/and nonlinear) is applied to the development of a calibration (correlation) 
curve. For composite or nonhomogeneous materials, the reference curve is sensitive 
to material parameters. One of the well-known examples of this calibration curve is 
concrete compressive strength versus Pulse velocity.    
The UWT method has been used for determining the mechanical properties of asphalt 
such as modulus (Partl et al. 2012; Stephenson & Manke 1972). The technique also 
has been used to evaluate and predict asphalt pavement fatigue (Houel & Arnaud 2009; 
Tigdemir et al. 2004). There have been other attempts to generate UWT correlation 
curves for other asphalt material deteriorations ( Mounier et al. 2012; Norambuena-
Contreras et al. 2010). However, none employ the UWT technique to generate the 
correlation curve related to air voids volume and distribution in asphalt laboratory 
samples. Due to the non-destructive nature of this test, there is a high potential of using 
it as an air voids indicator for asphalt laboratory samples. The test can be used as 
complementary for the multistage confined dynamic creep test in this research in order 
to better analyse data.  
5.4 UWT correlation with air voids in the whole sample 
To better understand the UWT correlation with air voids in an asphalt sample a specific 
test was designed. The plant produced mixes (Conventional (C320), Multigrade 
(M1000) and a SBS Polymer Modified (PMB-A5S) with 5% bitumen binder) 
discussed in Chapter 5 were used.   As outlined previously  an asphalt shear box 
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compactor using different compaction efforts was used to produce asphalt slabs with 
a range of target air voids from 1% to 10%. Samples with a 150mm diameter and 50 
mm height were cored and cut from the compacted asphalt slabs. The specimens were 
washed, dried and preconditioned at the test temperature of 25°C for 48 hours before 
being subjected to the air voids measurement test and UWT test as follow:  
• For all preconditioned samples the air voids content of the whole sample was 
calculated using the specimen’s bulk specific gravity (Saturated Method) and 
the asphalt’s theoretical maximum specific gravity (Rice Method) according to 
Australian standard (AS/NZS 2891).  
• The UWT technique used a Pundit 7 apparatus applied according to BS EN 
12504-4 standard to generate the ultrasonic wave and to determine the 
ultrasonic pulse velocity of the asphalt sample. As introduced in Chapter 4 two 
54-kHz piezoelectric crystal transducers (transmitter and receiver) were placed 
in parallel at each side of the specimen  (direct method) to measure ultrasonic 
wave transit time at 17 different locations at 25°C as shown in Figure 5.2. The 
transit time for the compression wave (P-wave) to pass the length of the asphalt 
sample was calculated using following formula: 
           UV = L T⁄                                                                                       (5.1)                                   
Where,  
                          UV = Ultrasonic pulse velocity (km/s) 
  L    = Length of specimen (mm) 
  T    = Transit time (ms) 
 
 
 
Figure 5.2: 17 transducers locations on each sample for UWT test 
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After the measurement of air voids of the whole sample and ultrasonic velocity at 17 
points on the same sample, the UWT correlation with air voids in the whole sample 
was generated. The results for ultrasonic velocity and air voids content (0% to 10%) 
for all asphalt mixes (C320, M1000 and PMB-A5S), calculated at the reference 
temperature of 25°C, are summarised in Figure 5.3 for the overall average of the 17 
locations. 
 
 
Figure 5.3: Ultrasonic velocity versus Air voids for mixtures with C320, M1000, and 
PMB in average 17 points 
It can be clearly noted that the trend lines indicate that an increase of air voids content 
from 0% to 10% results in a decrease in ultrasonic velocity for all three mix types 
when considering the average of all 17 locations on the sample. From this good 
correlation between the ultrasonic velocities magnitude with measured air voids in the 
whole sample, it can be concluded that the measured ultrasonic velocity using UWT 
technique can be used as an air voids indicator in a sample.   
5.5 Air voids distribution in the whole sample 
Figure 5.4 displays the ultrasonic velocity across the 17 locations for C320, M1000 
and PMB-A5S at their highest and lowest air voids contents. The ultrasonic velocity 
at each point is an indicator of a specific air voids content at that point as discussed in 
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the previous section. The data clearly indicates that air voids vary considerably within 
the sample.  
 
Figure 5.4: Ultrasonic velocity for 17 points on the surface of samples with low and 
high air voids 
 
 
Figure 5.5: Vertical and horizontal air voids distribution in specimens with 12.5mm 
and 19mm maximum aggregate size ( a part of  Figure from Tashman et al. 2002) 
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This outcome is similar to that obtained by other researchers using X-Ray techniques 
(Masad et al. 2002; Tashman et al. 2002) as shown in Figure 5.5 where the air voids 
distribution in asphalt samples vertically and horizontally is seen.  
5.6 Development of UWT Technique to measure air voids under platen 
The UWT technique used to measure the air voids in the centre of the sample is briefly 
described below: 
1. A Pundit 7 apparatus was applied according to BS EN 12504-4 standard to 
generate an ultrasonic wave and to determine the ultrasonic pulse velocity of the 
asphalt sample. Two 54-kHz piezoelectric crystal transducers (transmitter and 
receiver) were placed in parallel at each side of the specimen to measure Ultrasonic 
wave transit time at 17 different locations at 25°C as shown in Figure 5.2. The transit 
time for the compression wave (P-wave) to pass the length of the asphalt sample was 
recorded to calculate the ultrasonic pulse velocity using equation 5.1. 
2. The air voids content of whole samples was measured using the specimen’s 
bulk specific gravity (Saturated Method) and the asphalt’s theoretical maximum 
specific gravity (Rice Method) according to Australian Standard (AS/NZS 2891). 
3. The correlation between average ultrasonic velocities at 17 points and air voids 
of the whole sample was generated (Figure 5.3) to obtain the linear regression equation 
for each asphalt. 
C320 𝐴𝐴𝐴𝐴 = −0.0168𝑈𝑈𝐴𝐴 + 80.441                        (5.2) 
M1000/320 𝐴𝐴𝐴𝐴 = −0.019𝑈𝑈𝐴𝐴 + 87.79                             (5.3) 
PMB-A5S 𝐴𝐴𝐴𝐴 = −0.0214𝑈𝑈𝐴𝐴 + 96.983                        (5.4) 
In the above linear regression formula, UV is an ultrasonic velocity at the centre of 
sample and AV is air voids in the centre of the sample. 
4. Air voids at the centre of samples were calculated using ‘ultrasonic velocity in 
the centre’. It is a value that has been used in the current research. 
5.7 Comparison of air void in the centre with air voids of the whole sample   
The results for average ultrasonic velocity and air voids content of the whole sample 
(0% to 10%) for all asphalt mixes (C320, M1000 and PMB-A5S), calculated at the 
reference temperature of 25°C, were summarised in Figure 5.3. From Figure 5.3, the 
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ultrasonic velocity at the centre of all three types of laboratory compacted asphalts was 
estimated using linear regression relationship.  
The difference between air voids of the whole sample measured by Australian standard 
(AS/NZS 2891) with estimated air voids at the centre of samples using UWT technique 
is seen in Figure 5.6 and Appendix B.  The data indicates that the air voids at the centre 
of the sample is different from that of the whole sample.   
 
Figure 5.6: Air voids difference (air voids of whole sample minus estimated air voids 
in centre) 
5.8 Evaluating UWT techniques  
To review the benefits of the UWT technique compared with the bulk air voids 
measurement technique, a trial creep test was designed. In the designed test the 
following parameters were considered:  
• Three types of asphalt; C320, M1000 and PMB-A5S 
• Air voids between 1% and 10% 
• Load magnitude: 500kPa 
• Dynamic Load (rectangular): 0.1s load period - 0.9s rest period 
• Cycle number: 40,000 
• Test temperature: 50°C 
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The secant creep slope between 20,000 cycle and 40,000 cycles was measured for the 
samples in the trial. The air voids content of the entire sample (AS/NZS 2891) was 
measured and the air voids in the centre determined using the UWT technique.  
In Figure 5.7, the secant creep slope is plotted versus air voids content of the entire 
sample for the three types of binders. The data shows a good correlation between 
increasing air voids contents and creep slope for each mix type. The data could be 
interpreted as ranking the PMB mix as the most creep resistant, followed by C320 and 
then closely by Multigrade M1000. 
The creep slope versus estimated air voids at the centre of the sample under the load 
platen for the three types of asphalt is plotted in Figure 5.8. A good correlation is 
observed again between increasing ultrasonic velocity and increasing creep slope for 
each type of mixture. The data could be interpreted as ranking the mix types, and PMB 
is again ranked as the most creep resistant. However, the data now suggests that the 
Multigrade M1000 is the next best performer with C320 being ranked last. Such a 
change in mix ranking is of significance and a cause for further investigation. The 
creep sensitivity to the effective parameter in this research will be assessed later in 
Chapter 8 using both air voids measurement techniques. 
 
Figure 5.7: Creep slope vs air voids content of whole sample 
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Figure 5.8: Creep slope vs estimated air voids content in centre of sample under load 
platen 
5.9 Conclusion  
The research outlined in this chapter has shown that the UWT technique can be applied 
as a fast and effective non-destructive tool to estimate the air voids content and 
distribution in asphalt mixes. It was found that the air voids are non-uniformly 
distributed in laboratory compacted asphalt samples. The UWT technique can be 
applied to assist researchers in the analysis and application of asphalt test data 
involving air voids as an experimental variable. 
The usefulness of the UWT technique to measure air voids and their distribution has 
been verified using a designed dynamic confined creep test. A change in the ranking 
of mix types occurred when asphalt sample creep was based on UWT estimated air 
voids. It is believed that the use of UWT techniques allows for more accurate ranking 
of mixes by enabling the use of local air voids content at the point of stress application 
as a test variable. 
The technique was applied throughout the research reported on in the thesis, to better 
improve analysis of creep data with respect to air voids content and temperature. 
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THE DEVELOPMENT OF A MULTISTAGE CONFINED DYNAMIC 
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6.1 Introduction  
This chapter describes the underpinning methodology for the development of the 
Multistage Confined Dynamic Creep (MCDC) test. The research enhances the 
efficiency and accuracy of earlier work by Ahmadinia (2017) and also reduces the 
required time, cost and number of samples to evaluate creep potential. As discussed in 
the literature chapter, the most important challenges to designing such a creep test to 
predict asphalt creep performance and life are: 
• The test procedure must provide realistic dynamic stresses in the test 
sample that model real tyre pressure in field; 
• The test procedure must provide realistic confinement during testing that 
reproduces the stresses generated within the asphalt; 
• Accurate measurement of air voids must be undertaken for the asphalt 
specimens at critical stress locations; 
The information provided in Table 6.1 summarises the progress of creep test 
methodologies from 1970 to the present time. It is evident that the tests have become 
increasingly sophisticated in their attempts to model in-situ pavement conditions. The 
table also highlights how the new approach addresses many of the issues inherent in 
creep evaluation. The latest improvements of the creep test were undertaken recently 
by Ahmadinia (2017) to provide a more realistic confinement stress using a multilayer 
confinement system. The table also indicates how the MCDC approach, combined 
with UWT should be able to address many of the earlier test limitations. It is noted that 
the generation of the transient pulse via a sample loaded via a steel plated and a low 
friction interface remains an approximation of field conditions.  
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Table 6.1: Some of the asphalt creep test advancements from 1970 to date for the 
universal testing system. 
References Test development and 
outcome 
Limitations Issues addressed by 
MCDC + UWT test 
Brown (1970) 
in (Brown & 
Cooper 1984), 
Hills (1973) in 
(Sousa et al. 
1991) 
Development of UTS facility 
to perform static creep test 
under different temperatures. 
 
The outcome is plastic 
deformation under static 
load. 
• Unable to perform dynamic loading 
• Unable to provide confinement 
stresses 
• Unable to perform at high 
temperature for long period of time 
• Single stage 
• Unable to assess the Air voids 
effect 
 
• Able to perform 
dynamic loading 
• Able to provide 
stress dependent 
confinement  
• Able to control 
crack 
propagation due 
to the PVC 
confinement  
• Able to operate at 
high 
temperatures for 
long periods of 
time 
• Able to perform 
multistage stress 
evaluation 
• Able to assess 
local air voids 
effect 
• Requires shorter 
testing times and 
lower sample 
numbers 
 
 
 
 
 
 
 
Bowering 
(1989) in 
(Sharp 1992), 
Brown (1989) 
Development of UTS facility 
to apply dynamic loading. 
 
The outcome is creep 
modulus which can be used 
in mix design optimisation. 
• Unable to present realistic creep 
deformation under high magnitude 
of temperature and load  
• Unable to provide confinement 
stresses  
• Crack propagation during test is not 
observed in field situation 
• Single stress 
• Unable to assess the air voids effect 
Bullen & 
Preston (1992) 
 
Development of a creep test 
by providing confinement 
using small diameter platen 
on a larger diameter sample 
to be able to assess both 
confinement and air voids 
• Unable to measure creep 
deformation under high 
temperatures and loads  
• Confinement stress provided by the 
asphalt thickness around the platen 
• Unable to reveal the rut depth  
• Single stress 
 
ARRB (APRG 
1996) in 
(Stephenson & 
Bullen 2000) 
Using a triaxial cell to 
provide static and pulsed 
confining using air pressure. 
Using small 75mm platen on 
150mm diameter specimen.   
 
• Static confinement is not stress 
dependent when compared 
• Pulse confinement was difficult to 
control 
• Single stress 
• Unable to assess the air voids effect 
Brown et al 
(1998) 
Provided confinement 
through the application of an 
internal vacuum (negative 
pressure relative to 
atmospheric pressure) 
• Easier to perform but confinement 
stress is not stress dependent  
• Rut depth unable to be observed 
during the test  
• Single stress 
• Unable to assess the air void effect 
(Huang & 
Zhang 2010) 
Using top and bottom 
smaller platen size under the 
confinement stress through 
the application of an internal 
vacuum to assess the air 
voids effect 
• Confinement stress provided by the 
asphalt thickness around the platen 
and static vacuum pressure and is 
not stress dependent 
• Rut depth cannot be observed 
• Crack propagation is not realistic 
• Single stress 
Ahmadinia et al 
(2017) 
Applying 3D confinement 
through using PVC ring+ 
resin + asphalt and small 
size platen to assess the 
combination of both 
confinement and air voids 
• lengthy testing time  
• The introduced confinement system 
hasn’t been validated yet by field 
performance  
• Single stress 
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6.1.1 The confining system 
The research adopts the creep test method reported by Ahmadinia (2017). That 
research investigated a multilayer confinement system and the application of load 
through small platens (50, 75, and 100mm diameter) for different diameter asphalt 
samples (100 and 150mm diameter). Based on the research by Ahmadinia (2017) 
sample size, platen size and confinement system (Figure 6.1) chosen for this research 
were:  
• 50 mm diameter loading platen, 
• 150 mm diameter asphalt sample with 50mm thickness, 
• 2.5 mm liquid glass resin infill, 
• 2.5mm PVC ring. 
 
 
Figure 6.1: Schematic diagram of the laboratory creep sample 
These characteristics were chosen to optimise asphalt confinement (50mm) around the 
platen for 150mm diameter samples. The sensitivity and ability of the selected 
confinement system were examined using FEM modelling, and experimental testing.  
6.2 The Multistage Confined Dynamic Creep (MCDC) test methodology 
As discussed previously the confined dynamic creep test reported by Ahmadinia 
(2017) appeared to be the best available to simulate creep deformation of asphalt. The 
test methodology was further developed as follows: 
• Evaluation of air voids distribution and at critical stress locations under the 
loading platen; 
50
m
m
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• Minimising the required number of samples and reducing the test time by using 
a multistage stress test approach.   
The ultrasonic technique was discussed in Chapter 5 and in this Chapter the possibility 
of using a multistage loading system will be assessed and discussed. The application 
of the MCDC test to predict the creep life also will be explained in detail. 
6.2.1 The possibility of conducting the MCDC test in the laboratory 
A Multistage methodology for the confined dynamic creep test is proposed based on 
three reasons: 
1. The hoop stress in a multi-layer confinement system eliminates crack 
propagation and models a real pavement situation. This means that the test 
sample will not collapse under cyclic loads and the creep test can be continued 
to ensure a more realistic second stage of asphalt material creep deformation. 
2. Producing asphalt samples with the same structural composition is difficult. 
Asphalt is a non-homogeneous material consisting of aggregate, binder, filler, 
additives and air voids. Uniformity of samples is hard to achieve and variations 
have a significant effect on the creep deformation in the laboratory. Introducing 
the test protocol to reuse the same sample at different stress levels gives the 
opportunity of having the same composite structure and the ability to assess 
changes in other effective parameters such as load tolerance and material type. 
3. Creep testing is normally time-consuming and introducing the multistage 
methodology provides a time saving solution by reducing the required sample 
numbers and testing time.  
The possibility of conducting the MCDC test under different stress levels was initially 
investigated by using three confined samples. All samples had the same design 
properties as described in Table 6.2.  
Three stage creep testing was undertaken for sample 51M using 500, 750 and 1000kPa 
platen stress applying 21500 cycles in each stage (Figure 6.2). The other two samples; 
45M and 56M were tested continuously to 100,000 cycles using two platen stress of 
750kPa and 1000kPa respectively. All nominated samples have similar air voids (close 
to 3%) and assess the effect of the number of load cycles by limiting the effect of 
varying air voids. 
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The results (Figure 6.2) show that the permanent strain of continuous test under 
750kPa in 43000 cycles is close to the results obtained from sample 51M in the same 
cycle number conducted using MCDC test (point 1). The same trend was observed for 
sample 56M for 64500 cycles which is close to the results of the 51M sample in the 
third stage (point 2).  
Table 6.2: Three selected samples to compare one stage creep test with MCDC test 
under different stress levels 
Test parameters 
Sample name 51M (three stage ) 45M (continuous) 
 
56M (continuous) 
Bitumen type Multigrade Multigrade Multigrade 
Pressure (kPa) 500-750-1000 750 1000 
Air Void (%) 3.52 3.52 3.02 
Thickness (mm) 50.19 51.07 50 
Ultrasonic velocity (m/s) 4521.6 4601.3 4504.5 
Test temperature (C°) 50 50 50 
Cycles number (N) 21500-21500-21500 100000 100000 
   
  
Figure 6.2: MCDC test validation 
It is also observed, from the comparison of the data in Figure 6.2 that the permanent 
strain of an asphalt sample accumulated over all stages of 21500 cycles under a specific 
platen stress approximated permanent strain induced under the highest stress.  
21500 21500 21500 
Point 1 Point 2 
(M
ic
ro
) 
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It is expected from the trend of the creep results in the trial test that by increasing the 
number of load cycles in each stage, a better indication of secondary creep will be 
obtained. Evaluating the creep results of the previous research conducted by 
Ahmadinia et al (2017) demonstrated that most of the samples reached the second 
stage creep between 20,000 and 40,000 cycles. It was decided to adopt 40,000 cycles 
as a reference level for each stage of the MCDC test.  
In the next section, the lateral stress in the MCDC test will be assessed and compared 
with stresses within an asphalt layer, in order to validate the applied confinement 
system and the new test methodology. 
6.2.2 Stress analysis of MCDC test using Finite Element Modelling (FEM) 
To review the stresses within the confinement system FEM models of a confined 
laboratory sample and an asphalt layer (length of 1000mm and thickness of 200mm) 
were evaluated using constant asphalt properties. The tyre pressure /platen stresses 
used were 500, 750, 1000 kPa. The properties of samples 51M, 45M, and 56M (Table 
6.3) were used in the models created for confined samples. 
A 4:1 model scale was adopted for asphalt thickness (200/50) and loaded area diameter 
(200/50). The asphalt model was 1000mm to ensure that edge effects were minimised. 
The schematic diagram of generated models is illustrated in Figure 6.3 and 6.4. 
Table 6.3: Material properties and test condition used in the FEM modelling 
Sample number 51M 45M 56M 
Test temperature (C°) 50 50 50 
Platen stress (kPa) 500 750 1000 
Asphalt resilient modulus (MPa) 982 997 1103 
Asphalt Poisson’s Ratio 0.44 0.44 0.44 
LG epoxy resin resilient modulus (MPa) 160 160 160 
LG epoxy resin Poisson’s Ratio 0.35 0.35 0.35 
PVC resilient modulus (MPa) 1500 1500 1500 
PVC Poisson’s Ratio 0.4 0.4 0.4 
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Figure 6.3: Schematic diagram of the laboratory creep test sample used in FEM 
 
Figure 6.4: Schematic diagram of single asphalt layer used in FEM 
The stresses in both generated models were extracted (Figures 6.5 and 6.6) at different 
grid points as follows: 
 In vertical direction (Y):  
• Surface (A),  
• Midpoint (B),  
• Bottom (C) 
 In horizontal direction (X):  
• The centre of laboratory asphalt sample or cross point (4:1 scale) in the asphalt 
layer (1),  
• Middle of laboratory sample and cross point (4:1 scale) in the asphalt layer (2), 
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• The Edge of laboratory sample and cross point (4:1 scale) in the asphalt layer 
(3),  
• The middle of resin in the laboratory sample (4), 
• The PVC outer surface in the laboratory sample (5). 
 The grid points of the selected axle in both models are illustrated schematically in 
Figure 6.5 and 6.6.  All FEM models are shown in Figure 1 to Figure 25 in Appendix 
C.  
 
Figure 6.5: Selected points on FEM model of confined laboratory sample (laboratory 
model) for stress analysis  
 
Figure 6.6: Selected points on FEM model of asphalt layer for stress analysis 
 
101 
 
The calculated stress at each grid point in the models is the average of the values 
generated for the 4 surrounding pixels. The stresses were calculated in three directions 
for both models as follows: 
1. S11: X direction 
2. S22: Y direction 
3. S33: Z direction 
The magnitude of calculated stresses can be either + or –, meaning compressive or 
tensile stress respectively. The stresses for each grid point (as illustrated in Figure 6.5 
and 6.6) were calculated for both models (confined laboratory sample and asphalt 
layer) and the results are presented in Table 6.4 to 6.6.   
The analysis outcome indicates that the calculated stresses in the confined asphalt 
laboratory samples, at all points, are similar to those within the asphalt layer model at 
the same grid points (for three selected samples under similar surface stress 
conditions).  The overall similar stress ranges for the two model indicates that the 
confinement system including asphalt, resin and PVC is able to approximate the 
stresses in the field asphalt layer model. In the next section, the confined laboratory 
model will be used to assess stresses on the PVC ring for the 50/150 mm test 
configuration.  
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Table 6.4: Stress analysis of the FEM models in A row 
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Table 6.5: Stress analysis of the FEM models in B row 
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Table 6.6: Stress analysis of the FEM models in C row 
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6.2.3 Laboratory assessment of confinement stresses 
To further validate the selected confinement system in the laboratory, three asphalt 
samples were chosen (Table 6.2 and 6.3) with similar air void content (3 - 4%) with 
5% binder. The dynamic creep test was undertaken using the UTS testing machine for 
fabricated confined samples with the following test conditions:   
• Compressive stress:      500 (51M), 750 (45M), and 1000kPa (56M) 
• Seating stress:                  20 kPa 
• Loading period:      500 milliseconds (ms) 
• Pulse repetition period:    2000 milliseconds (ms) 
• Test temperature:       50ᵒC 
• Termination pulse count: 21,500 cycles 
• Platen size:                       50mm diameter 
• Sample size:                     150mm 
• Confinement situation:     Confined 
 
The stress and strain within the PVC ring for the three selected multigrade samples 
under three different platen stresses was measured in the laboratory using strain gauges 
(as described in Chapter 5) and compared with the calculated stresses from the FEM 
model of laboratory confined asphalt with the PVC ring. The results are shown in 
Table 6.7. 
The measured stress from the strain gauge is compared to the stress range in PVC in 
C5 position calculated from the elastic dynamic FEM. There is overall agreement 
between the stresses measured at the PVC ring and those obtained from the FEM 
model.  As the platen stress increases the confining stress generated by the confinement 
system also increases. The data indicates that the redesigned confined dynamic creep 
test has good potential for simulating in-situ stress conditions. 
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Table 6.7: Comparison between confined stresses in the first stage of MCDC test: in 
the lab and FEM model  
Sample number 51M 45M 56M 
Platen stress (kPa) 500 750 1000 
Strain in one cycle (µm/m) measured by strain gauge on PVC 40 79.7 115 
Hoop stress measured from strain gauge in C5 position in one 
cycle (kPa) in PVC 60 119.55 172.5 
S33 stress from optimised laboratory confined asphalt model in 
C5 position in one cycle (kPa) 
-25 to 
+53 
+98 to 
+151 
+111 to 
+197 
 
Sample number 51M was selected to conduct a three stage test to assess the hoop stress 
within the PVC ring in the multilayer confinement system. The test conditions are 
described in Table 6.8 at platen stresses of 500, 750, and 1000kPa with 21500 cycles 
for each stage. The hoop stress within the PVC ring at the C5 position was measured 
using a strain gauge.  The S33 stress (i.e. stress in the z direction) from the laboratory 
confined asphalt model at the C5 position is compared with the generated hoop stress 
in strain gauge, as shown in Table 6.9. 
Table 6.8: MCDC test condition for sample 51M in three stages 
Test parameters 
Sample name 51M (Stage1 ) 51M (Stage2) 
 
51M(Stage3) 
Bitumen type Multigrade Multigrade Multigrade 
Pressure (kPa) 500 750 1000 
Air Void (%) 3.52 3.52 3.52 
Thickness (mm) 50.19 50.19 50.19 
Ultrasonic velocity (m/s) 4521.6 4521.6 4521.6 
Test temperature (C°) 50 50 50 
Cycles number (N) 21500 21500 21500 
 
Table 6.9: Comparison between confined stresses in the laboratory and FEM model 
for sample 51M in three stages 
Sample number 51M 
Stage number 1 2 3 
Platen stress (kPa) 500 750 1000 
Strain in one cycle (µm/m) which measured by strain gauge in 
PVC 40 70 101 
Hoop stress measured from strain  
gauge in C5 position in one cycle (kPa) in PVC 60 105 151 
S33 stress from optimised laboratory confined asphalt model 
in C5 position in one cycle (kPa) 
-25 to 
+53 
+38 to 
+98 
+66 to 
+153 
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The stress and strain analysis and comparison in C5 position on PVC ring are 
summarised as follows: 
• For each stage, the measured stress from strain gauge results is similar to the 
stress ranges in PVC in C5 position calculated from MDCD FEM elastic 
dynamic model.   
• The stress in C5 position on PVC in each stage of the multistage test (Table 
6.9) is similar to the stress in a single stage test in the same position under the 
same platen stress (Table 6.7).  
• The strain in C5 position in each stage of the multistage test (measured by the 
strain gauge and presented in Table 6.9) is similar to the strain in a single stage 
test in the same position under the same platen stress (Table 6.7). 
In the laboratory, the strains within the PVC ring for each load cycle applied to the 
asphalt sample corresponded to the variation in the applied stress. As seen in Figure 
6.7, the confining system provided stress and strain responses proportional to the 
applied loads on the sample.  
 
Figure 6.7: Stress and Strain in first cycle of each stage of laboratory test (sample 
51M) 
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6.2.4 Summary of laboratory and modelling assessment of confinement 
stresses 
The laboratory and FEM model outcomes related to the trial MCDC tests are 
summarised as follows: 
1. Experimental work shows that the magnitude of the permanent strain at the end 
of each stress stage in the MCDC test, is close to the permanent strain at the 
same number of cycles in the MCDC test at that stress level. 
2. FEM modelling of both asphalt layer and laboratory sample shows that the 
stress within the asphalt layer under dynamic load is similar to the stress in the 
laboratory confinement sample under the same load. 
3. Strain gauge reading from laboratory work verify that the lateral confinement 
stress at the beginning of each stage of MCDC test (generated by confinement 
system including asphalt, resin and PVC) is close to the generated stress in 
continuous tests (i.e. CDC tests).  
4.  The lateral confinement stress at each stage of the MCDC test is load 
dependent. This means that the confinement system can automatically generate 
higher confinement stress for higher applied platen stress. In existing triaxial 
testing for soil and unbound materials (Arnold et al., 2010), the confinement 
stress must be artificially provided at each stage and depends on the load 
magnitude. However, this load dependent lateral stress is provided in the 
MCDC test. 
6.3 Analysing creep test results from MCDC test 
Test results from creep tests are normally presented using a range of methods: 
• Plastic deformation or the total accumulated deformation (average of LVDTs 
reading in millimetre)  
• Permanent strain at some selected cycle number 
• Creep slope (m) which is the rate of permanent deformation (μs/cycle) in the 
secondary phase of creep curve and is cycle dependent (Figure 6.8 and 6.9) 
• Conventional intercept (a) as indicated in Figure 6.9.  
• Flow number ( 𝐹𝐹𝑛𝑛): the number of load cycles corresponding to the minimal 
rate of change of permanent axial strain during the repeated load test  
• Resilient modulus at flow 
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• Ratio of permanent to elastic strain (𝜀𝜀𝑝𝑝 𝜀𝜀𝑐𝑐⁄ ) 
 
 
          
                                                                                                        
Figure 6.8: Representative creep data                     Figure 6.9: Slope and intercept 
determination (Rushing et al. 2014)                       (Rushing et al. 2014)                                                  
 
As explained previously in Chapter 3, creep deformation of heavy-traffic pavements 
in the field is normally restricted to the secondary phase (steady-state) because of the 
confinement stress provided by asphalt mass around the wheel pass and preventative 
maintenance (Zhang et al. 2012). Using the “asphalt + resin + P VC ring” confinement 
system in the MCDC creep test eliminates sample collapse and the test will not reach 
the third stage of creep. The following analytical approach that relies only on the 
second stage of creep test results has been used to analyse creep results:  
• Permanent strain at selected cycle number 
• Creep slope (m):   
• Conventional intercept  
 
Accurate calculation of the above creep measurement parameters relies on the correct 
calculation of these parameters in the steady stage. All the parameters are cycle 
dependent so it is necessary to decide the optimum cycles at which to measure the 
parameters.      
Evaluation of the secant creep slope results of two samples; 56M and 45M (sample 
details in Table 6.8) is shown in Table 6.10 and Figure 6.10. It is seen from the results 
that creep slope is totally cycle dependant.  It appears that after around 40,000 cycles 
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the rate of change of the creep slope significantly decreases and approaches linearity. 
The slope between 20,000 and 40,000 is also calculated for both samples (56M and 
45M) and presented in Table 6.11. It was decided to adopt the secant creep slope 
between 20,000 and 40,000 for further exploration as an indicator of creep 
performance.  
Table 6.10: Creep slope vs cycle range 
 Creep Slope (%) 
 45M 56M 
 750 kPa 1000 kPa 
0.0000 - 10000 cycle 1.698 1.712 
10000 - 20000 cycle 0.3122 0.2898 
20000 - 30000 cycle 0.1838 0.1399 
30000 - 40000 cycle 0.1225 0.0912 
40000 - 50000 cycle 0.0871 0.0763 
50000 - 60000 cycle 0.0728 0.0633 
60000 - 70000 cycle 0.0633 0.0516 
70000 - 80000 cycle 0.0528 0.0432 
80000 - 90000 cycle 0.0432 0.0363 
90000 - 100000 cycle 0.0354 0.032 
 
 
Figure 6.10: Creep slope vs Cycle 
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Table 6.11: Secant creep slope between 20,000 and 40,000 cycles 
   Secant creep slope (%) between 20,000 and 40,000 cycles 
Sample 45M 0.1533 
56M 0.116 
 
The results also show that the rate of change of creep slope continues to decrease as 
the cycle number increases. To have a more realistic and accurate creep slope to 
evaluate the creep life, it is essential to continue the test to a higher cycle number. 
However, continuing the creep test to cycles representative of the field situation is time 
consuming and costly. The use of mathematical regression predictions has been 
adopted for further study. 
A test was designed to check the possibility of using the mathematical method to 
predict the creep at higher cycle numbers and consequently to predict more realistic 
creep slopes.  For this purpose, a multigrade asphalt sample number 59M, with the 
information noted in Table 6.12 was tested for 360,000 cycles. The creep deformation 
versus cycles for this sample is illustrated in Figure 6.11.  
Table 6.12: Material properties and test condition of 51M sample 
Sample name 59M  
Bitumen type Multigrade 
Pressure (kPa) 1000 
Air Void (%) 6.27 
Ultrasonic velocity (m/s) 4260 
Cycles number (N) 360,000 
  
 The outcome of the trial test showed that fitted regression mathematical models on 
data between 20,000 cycles and 40,000 cycles correlated well with real test data for 
higher cycles. Different regression models were fitted on results between 20,000 and 
40,000 cycles using: 
• Linear regression 
• Logarithmic regression 
• Power regression 
The predicted results from these regression models at 360,000 cycles, was compared 
with real test results in 360,000 cycles were compared and illustrated in Figure 6.11 
and Table 6.13. The power regression model fitted on data between 20,000 and 40,000 
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provided the best fit to the actual test data. The power mathematical model form, 𝑌𝑌 =
𝑎𝑎𝑎𝑎𝑏𝑏 + 𝑐𝑐  was chosen and fitted to data between 20,000 and 40,000 cycles to extend 
the permanent deformation data to 500,000 cycles for each stage of the MCDC tests. 
The ability to extend the creep deformation of asphalt samples to 500,000 cycles by 
using MCDC test results up to 40,000 cycles will provide a better use of laboratory 
creep data for potential long-term performance of asphalt pavement.  
 
 
Figure 6.11: Regression models to predict confined dynamic creep test results 
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Table 6.13: Difference between regression model prediction and real data 
Regression 
 Model 
Cycle  
Number 
Permanent 
 Deformation 
(Predicted)  
Permanent 
Deformation  
(test data) 
Difference  
Micro Micro (%) 
Linear 
20,000 79992 79805 0.23 
40,000 84040 84075 -0.04 
100,000 96184 90073 6.35 
360,000 148808 99181 33.35 
Logarithmic 
20,000 79815 79805 0.01 
40,000 83822 84075 -0.30 
100,000 89119 90073 -1.07 
360,000 96523 99181 -2.75 
Power 
20,000 79834 79805 0.04 
40,000 83832 84075 -0.29 
100,000 89426 90073 -0.72 
360,000 97878 99181 -1.33 
 
The following three outcomes regarding creep slope were concluded from this section: 
• The creep slope is totally cycle dependent.  
• The data between 20,000 cycle and 40,000 cycles can be used to predict the 
creep performance at higher cycle numbers.  
• The best mathematical regression model to predict creep slope to 500,000 
cycles is a power regression model. 
Based on these outcomes, it was decided to break the permanent deformation data in 
this research into the following four areas to analyse the creep data and apply it to 
predict the creep life of asphalt: 
1. Early behaviour: 0-20,000 load application. To assess the plastic deformation 
and related air void densification. 
2. Mid-term behaviour: 20,000-40,000 load application. To provide an indication 
of second stage creep and to provide an indication of performance to 500,000 
cycles. 
3. Mid-term behaviour: 40,000-100,000 load application (extended).  To assess 
the creep sensitivity to the operational parameters.  
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4. Late behaviour: 100,000-500,000 load application (extended).  To predict the 
creep life based on the secant creep slope on this range of data to represent the 
long term behaviour and estimate creep life. 
6.3.1 Analysing creep test data 
To investigate the best way to use the outcomes of the MCDC test,  multigrade 
asphalt creep results at 500C for air voids between 0 to 10% under three different 
platen stress (500, 750, and 1000 kPa) were examined as follows: 
• Permanent strain after 20,000 cycles. 
• Secant creep slope from 20,000 to 40,000 cycles. 
• Secant creep slope from 40,000 to 100,000 cycles using a power model to 
predict behaviour. 
Information regarding the tested Multigrade samples is summarised in Table 6.14. The 
permanent strain in 20,000 cycles and the secant creep slope are summarised in Figures 
6.12, 6.13, and 6.14. The permanent strain in each stage in Figure 6.12 shows the effect 
of air void and stress on the creep deformation. The creep slope results based on data 
between 20,000 and 40,000 (Figure 6.13) show that the rate of creep is air void 
sensitive. The air void sensitivity of creep slope also is observed in Figure 6.14 which 
is related to creep slope in higher cycles. 
The load sensitivity of creep slope, however, is not observed clearly in the early cycles 
(Figure 6.13) as well as for higher cycles (Figure 6.14). Creep slope between 40,000 
and 100,000 cycles seems to be more suitable to show the creep sensitivity to varying 
stresses.  
Based on the above discussion, it was decided to use two parameters to assess and 
discuss the creep sensitivity to air voids and bitumen type: 
1. Permanent strain at 20,000 cycles for each stage 
2. Secant creep slope data between 40,000 and 100,000 cycles  
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Table 6.14: Selected multigrade sample  
All multigrade samples where tested under MCDC test in 50°C 
Sample number Air voids in centre 
44M 0.16 
39M 2.24 
46M 4.64 
41M 6.50 
53M 8.93 
 
 
 
Figure 6.12: Permanent strain vs air voids under different stress at 50°C 
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Figure 6.13: Creep slope vs air voids under different stress based on the secant creep 
slope between 20,000 and 40,000 cycles. 
 
 
Figure 6.14: Creep slope vs air voids under different stress based on the secant creep 
slope between 40,000 and 100,000 cycles. 
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6.4 Prediction of creep life using MCDC test 
In asphalt surface layers at high in-service temperatures under heavy slow-moving 
traffic, creep deformation can be manifested in a relatively short period and affect the 
service life of asphalt pavements. To develop better pavement design in models, the 
prediction and assessment of creep life based on creep deformation is necessary. 
6.4.1 Creep life prediction based on secant creep slope  
As discussed in Chapter 5 and Section 6.3 of this chapter, it was outlined how the 
secant modulus in the early stage of a creep test is useful for ranking performance but 
not for predicting creep life. The secant creep slope and estimated creep life are 
significantly cycle dependent.  Figure 6.15 illustrated the effect of selected cycles on 
the estimated permanent strain for the following cycles:  
• Secant creep slope calculated using data at 20,000 and 40,000 cycles 
• Secant creep slope calculated using data at 40,000 and 100,000 cycles 
• Secant creep slope calculated using data at 100,000 and 500,000 cycles 
• Secant creep slope calculated based on power regression on all permanent 
strain data between 20,000 and 40,000 cycles 
To have a realistic estimation of secant creep slope and consequently creep life, secant 
creep slope must be measured in the steady state portion of the creep curve.  The 
laboratory assessment of creep deformation of the confined sample by Ahmadinia 
(2017) and also in section 6.3 of this research showed that up to 40,000 cycles the rate 
of creep deformation continued to decrease and that around 40,000 cycles the creep 
rate approached linear behaviour.  
The level of 500,000 cycles (late behaviour) was chosen based on the assumption that 
around this cycle the rate of creep deformation becomes constant.  
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Figure 6.15: Schematic creep life prediction using different mathematical regression 
methods 
6.4.2 MCDC test analysis and applied mathematical modelling 
In the MCDC test, the asphalt samples were prevented from splitting and collapse by 
the multilayer confinement system. Similar to in-situ asphalt, the creep deformation in 
the laboratory samples reached a steady state of creep. The underpinning methodology 
adopted was to estimate pavement deformation to 500,000 cycles using a power 
regression model based on test data to 40,000 cycles and extrapolation of that data to 
500,000 cycles. The schematic diagram of the MCDC test and the power regression 
model is represented in Figure 6.16. 
 
Figure 6.16: Schematic diagram of MCDC test and the power regression model 
119 
 
6.4.3 Creep life prediction based on creep depth in laboratory samples 
It is assumed for modelling in this study that the creep deformation has occurred within 
a HMA surface layer. Creep depth (rut depth) in the asphalt surface may be divided 
into densification and shear deformation. Densification is a result of aggregate 
movement under the cyclic traffic load. Shear deformation is a result of the viscous 
behaviour of the material at high temperatures (De Carvalho 2012). A schematic 
transverse profile of creep deformation within an asphalt surface is shown in Figure 
6.17.  
For the following analysis, a pavement’s serviceability is considered to be affected by 
creep deformation when it exhibits a total creep depth of 25mm. This 25mm level 
includes both the densification and shear deformations. Since it was possible to 
measure heave in the laboratory the analysis used a 20mm creep deformation depth to 
calculate a creep life of asphalt. To allow modelling, the 20mm was assumed to occur 
within a 200mm asphalt layer to obtain the estimation to the end of serviceability. As 
the laboratory samples were 50mm in depth a 4:1 ratio of 5mm was used as the end of 
creep life. 
 
Figure 6.17: Transverse profile of rut depth (creep deformation) under the tyre 
 
6.4.4 Estimation of creep life 
The creep life of the asphalt mixes, based on the laboratory data was determined as 
follows: 
1. The permanent strain was estimated at 500,000 cycles in each stage by fitting 
a power regression model (𝑦𝑦 = 𝑎𝑎𝑎𝑎𝑏𝑏) to the data between 20,000 and 40.000 
load cycles and extrapolating the data to 500,000 cycles.  The permanent strain 
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estimation based on a power regression model is shown schematically in Figure 
6.16.  
2. Both secant creep slope (m) and conventional intercept (c) (Figure 6.9) were 
calculated using the secant between permanent strain at 100,000 and 500,000 
load cycles.  
3. The permanent strain life (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚) was calculated by using the height of sample 
(h) and a 5mm target creep depth (creep depth limit in the laboratory) as follow:     εmax = 5∗106h                                                                     (6.1) 
4. Creep life finally in cycles can be calculated using the following formula: 
 Creep life =  (εmax−c)
m
                                                                     (6.2) 
 
The calculation of creep life for sample 83 fabricated with conventional bitumen 
(details of mix type, and voids is provided in Table 6.15) as an example of the 
process. 
Table 6.15: Calculation of creep life for sample 83C 
  
Stress in 
each stage  
(kPa) 
Height 
(mm) 
Permanent  
strain  
endurance  
limit 
(Micro)  
Secant 
creep  
slope   
Conventional  
Intercept 
(Micro)  Creep life  (Cycle) 
    
 
 
 
 
 
Creep 
life 
prediction 
for sample 
83 in 50C 
Stage 1 
500kPa 50.21 99582 0.0252 42720 2,256,419 
Stage 2 
750kPa 50.21 99582 0.0565 52934 825,624 
Stage 3 
1000kPa 50.21 99582 0.0821 58322 502,555 
 
6.5 Conclusion 
Historically, many methods have been undertaken by researchers for predicting field 
creep deformation within the laboratory. However, most developed methods are not 
sufficiently realistic and have their own specific drawbacks. Commonly identified 
drawbacks are related to the modelling of real in-situ confinement stress, duplicating 
the nonhomogeneous composite structure of asphalt and the required time and cost of 
(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚) = (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑐𝑐)/𝑚𝑚 (𝑐𝑐) (𝑚𝑚) (ℎ) 
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the proposed methods. These drawbacks in the laboratory limit the ability of existing 
creep tests to reflect the real creep performance of existing or new asphalts under 
variables such as air voids, temperature and stress levels. 
This Chapter reviews the historical approaches to evaluating creep within the 
laboratory and identifies their common deficiencies. It was identified how the 
proposed MCDC methodology largely addressed these concerns. 
The Chapter evaluates the applied confinement system for the MCDC test. The 
outcomes proved the effectiveness of the applied confinement system and are as 
follows: 
1. The stress within the asphalt layer under dynamic load is similar to the stress 
in the laboratory confinement sample under the same load. 
2. Lateral confinement stress at the beginning of each stage of the MCDC test, 
generated by confinement system including asphalt, resin and PVC, is close to 
the generated stress in continuous tests.  
3.  Lateral confinement stress at each stage of the MCDC test is load dependent. 
It means that the confinement system can automatically generate higher 
confinement stress for higher applied platen stress. 
Extrapolation of short term data for prediction of long term creep potential was 
assessed in this Chapter. The creep data between 20,000 and 40,000 cycles was used 
to extend the creep data to 500,000 cycles.  
 
The Chapter explores the best way to rank the asphalt samples using the MCDC test 
for Permanent strain after 20,000 cycles and secant creep slope from 40,000 to 100,000 
cycles (Extended data). Creep life prediction using the MCDC test was explored in 
this Chapter as well.  
 
In the next chapters, the possibility of using UWT technique and MCDC test to better 
rank the creep deformation of three selected asphalt types and the effective parameters 
will be assessed and explained.  
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MULTISTAGE CONFINED DYNAMIC CREEP TEST AND CREEP 
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7.1 Introduction 
Current laboratory creep test methods employed by road agencies and construction 
contractors are not able to reliably or quickly predict the development of creep under 
varying operational conditions. This Chapter outlines the use of the MCDT and UWT 
to better predict creep deformation.  
The effects of some of the major parameters such as air voids and bitumen binder types 
on creep deformation under varying temperature and stresses was assessed using both 
the MCDC and UWT tests. The laboratory test data was then extrapolated to predict 
the longer term creep performance.    
7.2 Selected samples and tests 
To evaluate the effects of air voids and bitumen binder type, the MCDC and UWT 
tests were undertaken for 30 samples. The details of the samples are represented in 
Table 7.1. Air voids were calculated in the centre of samples using the UWT technique 
as discussed in Chapter 5. The MDCD test was undertaken for the samples under three 
different stresses (500, 750, and 1000kPa) in three stages and at two temperatures of 
40°C and 50°C.  The MCDC test conditions are outlined below:    
• Compressive stress:      500, 750, and 1000kPa  
• Seating stress:                  20 kPa 
• Loading period:      100 milliseconds (ms) 
• Pulse repetition period:    1000 milliseconds (ms) 
• Test temperature:       40ᵒC and 50ᵒC 
• Termination pulse count: 40,000 cycles 
• Platen size:                       50mm diameter 
• Sample size:                     150mm diameter 
• Confinement situation:     Confined with PVC ring + Resin infill 
Full details of the MCDC test outcomes are summarised in Figures 1 to 6 in Appendix 
D for the asphalt mix manufactured with three types of binders; conventional, 
multigrade and polymer modified. 
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Table 7.1: Selected samples for MCDC test 
Selected samples with different air voids for MCDC test in 40°C and 50°C 
C320 M1000 PMB 
40°C 50°C 40°C 50°C 40°C 50°C 
Sample  
number 
AV 
in  
centre  
(%) 
Sample  
number 
AV 
in  
centre  
(%) 
Sample  
number 
AV 
in  
centre  
(%) 
Sample  
number 
AV 
in  
centre  
(%) 
Sample  
number 
AV 
in  
centre  
(%) 
Sample  
number 
AV in  
centre  
(%) 
82C 0.07 81C 0.39 42M 1.46 44M 0.16 93P 0.10 91P 0.10 
68C 2.24 67C 2.10 36M 2.15 39M 2.24 88P 1.39 100P 1.96 
71C 3.27 83C 5.13 48M 2.35 46M 4.64 98P 2.41 96P 3.05 
66C 5.59 84C 6.14 58M 6.40 41M 6.50 102P 4.55 107P 6.56 
79C 6.07 85-2C 9.42 55M 9.64 53M 8.93 108P 7.07 110-1P 8.12 
 
The MCDC test outcomes were analysed to obtain the following: 
1. Early behaviour: 0-20,000 load cycles application. To calculate the permanent 
strain at 20,000 load cycles. 
2. Mid-term behaviour: 20,000-40,000 load cycles application. To calculate 
secant creep slope between those cycles. 
3. Mid-term behaviour: 40,000-100,000 load cycles application. To calculate 
secant creep slope between those cycles. 
4. Late behaviour: 100,000-500,000 load cycles application. Data extrapolated to 
predict the creep life of asphalt mix. 
7.3 Creep performance versus air voids  
Creep deformation develops more rapidly in asphalt layers at elevated temperatures 
where bitumen binders show more viscous behaviour and the contribution of the 
aggregate structure and the confining stresses becomes more crucial.  The aggregate 
structure includes aggregate gradation, size, and the interlocked particles. The 
confining stress is the stress generated by the mass of asphalt around the stressed 
asphalt under the tyre. To better understand creep mechanisms, variation in air voids 
at different temperatures and stresses in a confined condition were investigated.  
7.3.1 Air voids effect on permanent strain of conventional asphalt 
The permanent strain of samples manufactured by conventional bitumen is presented 
in Figure 7.1 at 40°C and 50°C respectively for varying stresses. The data indicates that 
there is a fair correlation coefficient between air voids and permanent strain at 40°C 
for each applied stress. An improved correlation (𝑅𝑅2 ≥ 0.9) is observed at the higher 
temperature of 50°C.  
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The linear regression equations between permanent strain (at 20,000 cycles) and air 
voids content are presented in Table 7.2.  The slope calculated from the linear 
regression equation in Table 7.2 is presented in Table 7.3. The comparison of the 
slopes of the equations in Table 7.3 shows that the effect of air voids content increases 
when the stress increases. It also shows that the effect of the increase of stress is higher 
at higher temperatures. The permanent strain changes in asphalt are related to the 
bitumen binder viscoelastic behaviour under varying stresses and temperatures.   
The data in Figure 7.1, Table 7.2 and 7.3 indicate that permanent strain increases as a 
function of air voids in all cases. The data also indicates that the rate of increase 
becomes greater with both increase in temperature and stress. 
 
Figure 7.1: Permanent strain vs air voids under different platen stress in 40°C and 50°C 
 
Table 7.2: Linear regression equation between permanent strain and air voids 
 
Platen stress 
Temperature 
 40°C 50°C 
Linear 
regression 
equation 
500kPa y =1472x + 14202 y = 2810x + 21049 
750kPa y = 2521x + 19437 y = 4347x + 27454 
1000kPa y = 3603 + 23815 y = 5799x + 32654 
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Table 7.3: The slope from the linear regression equations between permanent strain 
after 20,000 cycles and air voids for conventional asphalt 
 
Platen stress 
Temperature 
 40°C 50°C 
Slope (%) 
500kPa 1472 2810 
750kPa 2521 4347 
1000kPa 3603 5799 
 
7.3.2 Air voids effect on secant creep slope of conventional asphalt 
The Secant creep slope was calculated in mid-term; between 20,000 and 40,000 cycles 
and between 40,000 and 100,000 cycles. The results are presented in Figures 7.2 and 
7.3 respectively. Good correlation between secant creep slope and air voids for varying 
temperature and stress can be observed from Figure 7.2.  The same correlations and 
trends were also observed for secant creep slope calculated between 40,000 cycles and 
100,000 cycles in Figure 7.3. The data presented in Figure 7.2 and 7.3 also shows that 
the magnitude of secant creep slope is higher at a higher temperature.  
Mid-term behaviour (based on 20,000 and 40,000 cycles) of secant creep slope which 
is presented in Figure 7.2 is clustered with limited trends related to stress. The mid-
term behaviour of secant creep slope in higher cycle numbers (40,000 and 100,000 
cycles) which is presented in Figure 7.3 better shows the effect of higher stresses. 
Increasing stress from 500kPa to 1000kPa leads to an increase in the secant creep slope 
for each air voids content. It was concluded from this comparison that secant creep 
slope from 40,000 to 100,000 cycles may be a better indicator of the effect of stress. 
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Figure 7.2: Secant creep slope (20,000-40,000 cycles) versus air voids under various 
pressures at 40°C and 50°C 
 
 
Figure 7.3: Secant creep slope (40,000-100,000 cycles) versus air voids under 
various pressures at 40°C and 50°C 
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The slope calculated from Table 7.4, which are the linear regression equation between 
secant creep slope (40,000 and 100,000 cycles) and air voids in varying test conditions 
are presented in Table 7.5.  The calculated slope in Table 7.5 shows that secant creep 
slope of conventional asphalt is stress and temperature sensitive. The higher slope can 
be observed at the higher stress and temperature. The slope trends in Table 7.5 are 
similar to the slope trends that were calculated based on linear regression on the 
permanent strain in 20,000 cycles shown in Table 7.3. 
 
Table 7.4: Linear regression between secant creep slope (40,000 and 100,000 cycles) 
and air voids for conventional bitumen 
 
Platen stress 
Temperature 
 40°C 50°C 
Slope  
500kPa y = 0.0067x + 0.0287 y = 0.0089x + 0.0325 
750kPa y = 0.0113x + 0.0436 y = 0.0141x + 0.048 
1000kPa y = 0.0135x + 0.0479 y = 0.0151x + 0.064 
 
Table 7.5: Slope calculated from linear regression between secant creep slope 
(40,000 and 100,000 cycles) and air voids for conventional bitumen 
 
Platen stress 
Temperature 
 40°C 50°C 
Slope (%) 
500kPa 0.0067 0.0089 
750kPa 0.0113 0.0141 
1000kPa 0.0135 0.0151 
 
7.3.3 Air voids effect on permanent strain of multigrade asphalt 
Permanent strains of samples manufactured with multigrade bitumen are presented in 
Figure 7.4 at 40°C and 50°C respectively for varying stress at 20,000 cycles. Good 
correlation (𝑅𝑅2 ≥ 0.85) was seen between permanent strain and air voids for both 
temperatures. The data indicates that permanent strain is higher at greater temperatures 
for any specific stress.  
The linear regression equations between permanent strain in 20,000 cycles and air 
voids content are presented in Table 7.6. The slopes calculated from the linear 
regression equations in Table 7.6 are provided in Table 7.7. The slope results show 
that the effect of air voids content increases when the stress increases. It is also shown 
that the effect of the increase of stress is higher at higher temperatures.  
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Figure 7.4: Permanent strain vs air voids under different stresses in 40°C and 50°C 
 
Table 7.6: Linear regression equation between permanent strain and air voids for 
multigrade asphalt 
 
Platen stress 
Temperature 
 40°C 50°C 
Linear 
 regression 
equation 
500kPa y = 1222x + 7806 y = 3371x + 9657 
750kPa y = 2004x + 10680 y = 5105x + 12629 
1000kPa y = 2766x + 13328 y = 6732x + 14494 
 
Table 7.7: The slope from the linear regression equations between permanent strain 
after 20,000 cycles and air voids for multigrade asphalt 
 
Platen stress 
Temperature 
 40°C 50°C 
Slope (%) 
500kPa 1222 3371 
750kPa 2004 5105 
1000kPa 2766 6732 
 
 
R² = 0.887
R² = 0.899
R² = 0.897
R² = 0.875
R² = 0.866
R² = 0.8590
10000
20000
30000
40000
50000
60000
70000
80000
90000
0 2 4 6 8 10 12
Pe
rm
an
en
t s
tra
in
 (M
ic
ro
) i
n 
20
K
 c
yc
le
AV (%) in centre
M1000: Permanent strain vs air void under different platen stress
M1000 40C 500kPa
M1000 40C 750kPa
M1000 40C 1000kPa
M1000 50C 500kPa
M1000 50C 750kPa
M1000 50C 1000kPa
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7.3.4 Air voids effect on secant creep slope of multigrade asphalt 
Secant creep slope was calculated in mid-term, between 20,000 and 40,000 cycles and 
between 40,000 and 100,000 cycles, and presented in Figure 7.5 and 8.6 respectively.  
Good correlation (𝑅𝑅2 ≥ 0.85) between creep slope and air voids for varying 
temperatures and stress existed, where creep slope increased with air voids. The secant 
creep slope sensitivity to air voids was greater at higher air voids content and higher 
temperatures. As with samples fabricated with C320, the data generated from the 
secant creep slope between 40,000 and 100,000 cycles was more significant. 
Slopes calculated from linear regression equation in Table 7.8 between secant creep 
slope (40,000 and 100,000 cycles) and air voids in varying test conditions are provided 
in Table 7.9.  The slope results show that secant creep slope of multigrade asphalt is 
stress and temperature sensitive. The higher slope can be observed at the higher stress 
and temperature conditions. The slope trends in Table 7.9 are similar to the slope trend 
that is calculated based on linear regression on permanent strain data at 20,000 cycles 
in Table 7.7. 
 
 
Figure 7.5: Creep slope (20,000-40,000 cycles) vs air voids under various pressures at 
40°C and 50°C 
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Figure 7.6: Creep slope (40,000-100,000 Cycles) vs air voids under various pressures 
at 40°C and 50°C 
 
Table 7.8: Linear regression between secant creep slope (40,000 and 100,000 cycles) 
and air voids for conventional bitumen 
 
Platen stress 
Temperature 
 40°C 50°C 
Slope 
500kPa y = 0.007x + 0.0144 y = 0.0139x + 0.0104 
750kPa y = 0.0105x + 0.0244 y = 0.0207x + 0.0109 
1000kPa y = 0.0182x + 0.0103 y = 0.0229x + 0.0134 
 
Table 7.9: Slope calculated from linear regression between secant creep slope 
(40,000 and 100,000 cycles) and air voids for conventional bitumen 
 
Platen stress 
Temperature 
 40°C 50°C 
Slope (%) 
500kPa 0.007 0.0139 
750kPa 0.0105 0.0207 
1000kPa 0.0182 0.0229 
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7.3.5 Air voids effect on permanent strain of polymer modified asphalt 
The permanent strain of samples manufactured by polymer modified bitumen is 
presented in Figure 7.7 in 40°C and 50°C for varying stresses at 20,000 cycles. 
Similar to the behaviour exhibited by samples manufactured by conventional and 
multigrade bitumen, polymer modified samples also show air voids sensitive 
behaviour. The effect of stress and temperature was assessed based on the slope data 
in Table 7.10, which was calculated from linear regression equation between 
permanent strain and air voids. Results presented in Table 7.11 show that creep of 
polymer modified asphalts is a function of stress, temperature, and air voids.   
 
Figure 7.7: Permanent strain vs air voids under various stresses in 40°C and 50°C 
 
Table 7.10: Linear regression equation between permanent strain and air voids for 
polymer modified asphalt 
 
 
Platen stress 
Temperature 
 40°C 50°C 
Linear 
 regression 
equation 
500kPa y = 1373x + 11175 y = 2558x + 15756 
750kPa y = 2406x + 11847 y = 3573x + 18929 
1000kPa y = 2919x + 14353 y = 4501x + 21368 
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Table 7.11: The slope from the linear regression equations between permanent strain 
after 20,000 cycles and air voids for polymer modified asphalt 
  
 
Platen stress 
Temperature 
 40°C 50°C 
Slope (%) 
500kPa 1373 2558 
750kPa 2406 3573 
1000kPa 2919 4501 
 
7.3.6 Air voids effect on secant creep slope of polymer modified asphalt 
The creep sensitivity of samples manufactured with polymer modified bitumen at 40°C 
and 50°C is shown in Figure 7.8, and 7.9 for varying stresses and cycle number. Both 
Figures exhibit a good correlation with the data for secant modulus for 20,000-40,000 
cycles being more tightly clustered.  
The slope calculated from linear regression equation in Table 7.12 for the secant creep 
between 40,000 and 100,000 cycles and air voids at varying test conditions is presented 
in Table 7.13.  The data shows a similar trend to the other types of asphalt mix 
manufactured with conventional and multigrade bitumen binders.  
 
Figure 7.8: Creep slope (20,000-40,000 cycles) vs air voids under various pressures 
at 40°C and 50°C 
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Figure 7.9: Creep slope (40,000-100,000 cycles) vs air voids under various pressures 
at 40°C and 50°C 
Table 7.12: Linear regression between secant creep slope (40,000 and 100,000 
cycles) and air voids for conventional bitumen 
 
Platen stress 
Temperature 
 40°C 50°C 
Slope 
500kPa y = 0.003x + 0.0121 y = 0.0043x + 0.0153 
750kPa y = 0.0052x + 0.0202 y = 0.0075x + 0.0219 
1000kPa y = 0.0056x + 0.0276 y = 0.0085x + 0.0352 
 
Table 7.13: Slope calculated from linear regression between secant creep slope 
(40,000 and 100,000 cycles) and air voids for conventional bitumen 
 
Platen stress Temperature  40°C 50°C 
Slope (%) 
500kPa 0.003 0.0043 
750kPa 0.0052 0.0075 
1000kPa 0.0056 0.0085 
 
 
7.4 Conclusion 
The MCDC test was undertaken for asphalts manufactured using conventional, 
multigrade and polymer modified binders for a range of air voids, temperatures, and 
stresses. A summary of the testing outcomes is outlined below and provided in table 
7.14: 
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• Permanent strain at 20,000 cycles is sensitive to stress, temperature, and air 
voids and able to discriminate between bitumen binder types.  
• Secant creep slope between 40,000 and 100,000 cycles is temperature and 
stress dependent and able to discriminate between bitumen binder types. 
The ranking of the three asphalts is summarised in Table 7.14 for all test data. The 
consistent ranking was that PMB demonstrates the best performance followed by 
multigrade and C320. 
Table 7.14: Ranking asphalt mixes based on two methods under varying operational 
conditions 
    Methods applied to rank the three mixtures 
    
Permanent 
strain (Micro) 
 at 20,000 cycle 
Secant creep slope  
calculated from data at  
20,000 and 40,000 cycles 
R
an
ki
ng
  a
sp
ha
lt 
m
ix
tu
re
s 
 b
as
ed
 o
n 
th
e 
cr
ee
p 
pe
rf
or
m
an
ce
 40°C 
500kPa 
C320 3 3 
M1000 2 2 
PMB 1 1 
750kPa 
C320 3 3 
M1000 2 2 
PMB 1 1 
1000kPa 
C320 3 3 
M1000 2 2 
PMB 1 1 
50°C 
500kPa 
C320 3 3 
M1000 2 2 
PMB 1 1 
750kPa 
C320 3 3 
M1000 2 2 
PMB 1 1 
1000kPa 
C320 3 3 
M1000 2 2 
PMB 1 1 
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8.1 Introduction 
The service life of a pavement may be defined as the time from construction to the first 
major structural rehabilitation or to when the pavement degrades to an unacceptable 
serviceability condition (Von Quintus et al., 2005). The service life of a flexible 
pavement, especially as it relates to the pavement surface, is determined by defects 
such as cracks, creep deformation (rutting), bleeding, and ravelling (Austroads 2009). 
At high in-service temperatures under heavy slow-moving traffic, creep deformation 
can be manifested in a relatively short period and becomes a key factor in defining the 
service life of the pavement (Santagata et al., 2017).  
Predicting the service life of asphalt pavements as a function of permanent deformation 
at high stress and temperatures has been an ongoing challenge for Australian road 
agencies to best model future maintenance strategies for flexible pavements. Creep 
deformation (rutting), is a critical distress mode which is not adequately considered in 
the current flexible pavement design procedures. One reason is that the existing 
Australian laboratory creep test method is not able to reliably predict the development 
of creep over a realistic range of air voids, temperatures and tyre pressures.  
This Chapter reports the application of the MCDC + UWT test method to analyse the 
creep life of asphalt samples with different air voids at high temperatures under 
different traffic loading regimes.   
8.2 MCDC +UWT test procedure and creep life calculation 
8.2.1 Air voids estimation under platen using UWT technique 
The UWT technique used to measure the air voids in the centre of the sample is briefly 
described below and the reader is referred to the Chapter 4 and 5 for more details. 
1. A Pundit 7 apparatus was applied according to the BS EN 12504-4 standard 
to generate an ultrasonic wave and to determine the ultrasonic pulse 
velocity of the asphalt sample. Two 54-kHz piezoelectric crystal 
transducers (transmitter and receiver) were placed in parallel at each side 
of the specimen to measure Ultrasonic wave transit time at 17 different 
locations at 25°C. The transit time for the compression wave (P-wave) to 
pass the length of the asphalt sample was recorded to calculate the 
ultrasonic pulse velocity using the below formula: 
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                   UV=L/T                                                                   (8.1)             
Where,       UV = ultrasonic pulse velocity (km/s) 
   L = length of specimen (mm) 
   T = transit time (ms) 
 
2. The air voids content of whole samples was measured using the specimen’s 
bulk specific gravity (Saturated Method) and the asphalt’s theoretical 
maximum specific gravity (Rice Method) according to Australian Standard 
(AS/NZS 2891). 
3. The linear correlation between average ultrasonic velocities at 17 points 
was used to obtain the air voids for the whole sample. 
4. Air voids at the centre of samples were calculated using ‘ultrasonic velocity 
in the centre’. It is this value that has been used in the current Chapter. 
8.2.2 Creep life calculation using MCDC test 
The calculation of creep life under varying operational conditions based on MCDC 
test data was developed previously and can be found in detail in Chapter 4 and 6. The 
calculation steps are briefly as follows: 
5. The permanent strain was estimated at 500,000 cycles in each stage by fitting 
a power regression model (𝑦𝑦 = 𝑎𝑎𝑎𝑎𝑏𝑏) to the data between 20,000 and 40.000 
load cycles and extrapolating the data to 500,000 cycles.  
6. Both secant creep slope (m) and conventional intercept (c) were calculated 
using the secant between permanent strain at 100,000 and 500,000 load cycles.  
7. The permanent strain life (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚) was calculated using the height of the sample 
(h) and a 5mm target creep depth (creep depth limit in the laboratory as follow:     εmax = 5∗106h                                                                                  (8.2) 
8. Creep life in cycles can then be calculated using the following formula: Creep life =  (εmax−c)
m
                                                                                (8.3) 
139 
 
Creep life of all asphalt samples noted in Table 7.1 in Chapter 7 will be assessed and 
compared in this Chapter. The effect of the noted parameters on the creep life also will 
be discussed.  
8.3 Comparison of creep life of three selected asphalts 
Cumulative creep deformation of asphalt layers leads to a decreased performance of 
asphalt pavements. Effective pavement maintenance and management could 
significantly reduce the damage incident of this type of pavement. The key step of this 
task is defining the exact time of required maintenance which depends on calculating 
accurate creep life and its related effective parameters.    
Creep life for the three selected asphalt mixes in this research was calculated by 
considering parameters such as air voids, temperature, and platen stress. The creep life 
results for the three types of asphalt are presented in Figure 8.1 to 8.3 for 500, 750 and 
1000 kPa respectively. It can be found from the comparison of the results that, in a 
similar way to a secant creep slope, creep life is also dependent on the temperature, 
platen stress and air voids.  
 
 
Figure 8.1: Creep life vs air voids in 500kPa 
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Figure 8.2: Creep life vs air voids in 750kPa 
 
 
Figure 8.3: Creep life vs air voids in 1000kPa 
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8.3.1 Creep life vs air voids 
It can be seen from the regression analysis results provided in Figures 8.1 to 8.3, that 
there is a reasonable correlation between air voids content under the loading platen 
and creep life for all three types of asphalt mixes under varying stresses and 
temperatures. In all cases, there is a reduction in creep life with an increase in air voids, 
which highlights the importance of tight specification controls around compacted air 
voids. 
8.3.2 Creep life vs temperature 
Creep life of selected asphalts with varying air voids content at 40°C and 50°C under 
varying stresses is provided in Figures 8.1 to 8.3. As expected, it can be concluded 
from the results that creep life is affected directly by the temperature. The data shows 
that for each mix an increase in temperature results in a reduced creep life.  
8.3.3 Creep life vs surface stress 
It is well known that the stress under a tyre varies significantly from the nominal tyre 
pressure. De Beer et al (1997) showed that the actual pressure between the tyre and 
the asphalt surface can range from 500kPa to 1000kPa depending on varying 
circumstances. The current Australian pavement design model uses 750kPa as the 
default tyre pressure In this research creep life associated with surface stresses 
equating to 500, 750 and 1000 kPa was assessed and the data is presented in Figures 
8.1 to 8.3. The results indicate that the surface stress has a significant effect on the 
creep life with an increased surface stress resulting in a reduced creep life. 
8.3.4 Creep life vs bitumen type 
As expected a review of the data provided in Figures 8.1 to 8.3 indicates that the best 
creep performance as evaluated by creep life is displayed by the polymer modified 
asphalt in most cases. The superior creep performance of polymer modified bitumen 
and mixes has been well reported in other research (Santagata et al., 2017). For mixes 
with air void of 4%, the polymer modified bitumen mix performed better than 
Multigrade bitumen mix at 40°C, However at 50°C the performance of the two mixes 
was the same. 
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8.4 Conclusion 
The following outcomes can be summarized from the comparison of the presented data 
in this Chapter: 
1. The highest creep life occurs with polymer modified asphalts and the lowest 
belongs to the multigrade and conventional asphalt respectively.   
2. The lower the air voids, the higher the creep life can be. 
3. The higher the stress, the lower the creep life can be.   
4. The higher the temperature, the lower the creep life can be. 
In practice, the temperature cannot be controlled but by controlling the bitumen type, 
air voids and vertical stresses, higher creep life can be expected for the flexible asphalt 
pavements.  
The developed test methodology has significant potential for further development as 
part of the quality assurance/control processes applied within asphalt production. The 
research outcomes also illustrate the critical nature of end specifications regarding the 
control of compacted air voids in asphalt surfacing. 
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9.1 Introduction 
As discussed earlier in Chapter 2, the modulus (stiffness) of asphalt is one input 
parameter in mechanistic pavement design and analysis. The modulus measurement of 
asphalt at elevated temperature (more than 40°C) and under high stress levels through 
the available Australian modulus tests (the indirect tensile test and four-bending test) 
is not possible. The measurement of the modulus at high temperature includes the 
following challenges:  
1. Limitations regarding the maximum possible stress level 
2. The unrealistic confinement situation compared to the in-situ condition 
The international modulus measurement techniques are summarised in Table 9.1. 
Among all modulus tests, only “AASHTO TP62-03 2003” is possible at elevated 
temperature. However, the confining conditions provided by this test do not vary in 
response to the load-unload stage of each load pulse as seen within real pavements 
(Ahmadinia 2017). Also Load wave form is continuous while in real in-situ situations 
there is a loading and rest period (Zhou et al. 2010). 
Table 9.1: Available international tests to measure resilient modulus (Zhou et al., 
2010) 
Test  Test title Temperature and 
loading situation 
ASTM D4123-82 Standard test method for indirect tension test for 
resilient modulus of bituminous mixtures 
Max T 40°C 
Pulse load 
AASHTO TP31-94 Standard test method for determination of the  
resilient modulus of bituminous mixtures by 
indirect tension 
Max T 40°C 
Pulse load 
NCHRP 1-28 (1996) Proposed test protocol for determination of the  
resilient modulus of bituminous mixtures by 
indirect tension 
Max T 40°C 
Pulse load 
NCHRP 1-28A 
(2003) 
Recommended standard test method for 
determination of the  resilient modulus of 
bituminous mixtures by indirect tension 
Max T 40°C 
Pulse load 
AASHTO TP62-03 
2003 
Standard Method of Test for Determining Dynamic 
Modulus of Hot-Mix Asphalt Concrete Mixtures 
Max T 55°C 
Continuous 
haversine 
 
The stress responsive confinement within the MCDC test, provides an opportunity to 
address this challenge. In this Chapter, the MCDC+UWT test is used to investigate the 
modulus of asphalt at elevated temperature and stress.  
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9.2 Compressive resilient modulus calculation of asphalt using the outlined 
MCDC test 
The measurement of compressive resilient modulus was explained in detail in Chapter 
4. The applied load in the MCDC test consists of 0.1s loading and 0.9s resting time. 
The compressive resilient modulus determined from the MCDC test (Figure 4.10 and 
4.11 in Chapter 4) is defined as the ratio of the repeated axial deviator stress to the 
recoverable or resilient axial strain: 
𝑀𝑀𝑐𝑐 = 𝜎𝜎𝑑𝑑𝜀𝜀𝑟𝑟                                                                                                               (9.1) 
𝑀𝑀𝑐𝑐 : Compressive resilient modulus 
𝜎𝜎𝑑𝑑  : Deviator stress (cyclic stress in excess of confining pressure) 
𝜀𝜀𝑐𝑐   : Resilient strain in the vertical direction 
 
The applied deviator stresses applied were 500, 750, and 1000 kPa.  
9.3 The compressive resilient modulus results  
The MCDC test data of 30 selected samples (Table 7.1 in Chapter 7) were analysed to 
evaluate the effects of cycle number, air voids, stress and temperature on the 
compressive resilient modulus at 40°C and 50°C. The resulting data are presented and 
discussed in this section.   
9.3.1 Effect of cycle number 
The compressive resilient modulus at different numbers of cycles is calculated for all 
three stages of the MCDC test.  To assess the effect of load cycles on the compressive 
resilient modulus three samples were selected (Table 9.2) from each binder types with 
similar air voids. The compressive resilient modulus (𝑀𝑀𝑐𝑐) and permanent strain versus 
load cycles at 50°C for the selected samples are shown in Figure 9.1 to 9.3.  
As the results indicate, the compressive resilient modulus is load cycle dependent for 
each stage. For example in stage one the reduction in modulus from 180 to 20,000 
cycles is 50.4, 41.6, and 13.5% for C320, M1000 and PMB samples respectively. The 
results in Figure 9.1 to 9.3 show that between 20,000 and 40,000 load cycles, which is 
a part of the steady state for permanent strain results (as discussed before in Chapter 
6), the variation in compressive resilient modulus is not significant. Therefore, the 𝑀𝑀𝑐𝑐 
in 20,000 cycles is calculated as a reference compressive resilient modulus for all 
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samples as presented in Table 1 to 3 in Appendix F. This reference 𝑀𝑀𝑐𝑐 will be used to 
assess the effective parameters on compressive resilient modulus of asphalt.  
Table 9.2: Selected samples for assessing load cycle in compressive resilient 
modulus results 
Sample 
number 
Bitumen 
binder  
types 
Air voids (%) 
in centre 
𝑀𝑀𝑐𝑐 at 180 
cycles 
𝑀𝑀𝑐𝑐 at 20,000 
cycles 
Reduction in modulus 
from 180 to 20K cycles 
(%) 
67C C320 2.10 1960 972 50.4 
39M M1000 2.15 2674 1561 41.6 
100P PMB 1.96 729 630 13.5 
 
 
Figure 9.1: C320: Permanent strain and compressive resilient modulus vs load cycles 
at 50°C 
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Figure 9.2: M1000: Permanent strain and compressive resilient modulus versus load 
cycles at 50°C 
 
 
Figure 9.3: PMB: Permanent strain and compressive resilient modulus vs load cycles 
at 50°C 
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9.3.2 Effect of air voids on compressive resilient modulus 
The air voids and their effects are important in mix and pavement design. As discussed 
earlier in Chapter two, with the increase of the air voids in asphalt samples, a reduction 
in compressive resilient modulus is expected at normal temperatures and stresses.  
However, at elevated temperature and stress, the effect of air voids has not been 
evaluated previously.    
During the MCDC test, the compressive resilient moduli of samples manufactured 
with three types of bitumen binders were calculated.  Figures 9.4 to 9.6 show the 
compressive resilient modulus for samples with varying air voids at 180 and 20,000 
cycles at 40°C and 50°C. Figures 9.7 and 9.9 also show the compressive resilient 
modulus in 20,000 cycles for samples under varying stresses at 40°C and 50°C.  The 
following outcome can be concluded by comparing the R2 in Figure 9.4 to 9.9: 
1. Better correlation could be observed between air voids and compressive 
resilient modulus in early cycles (180) than the late ones (20,000). 
2. The effect of air voids in compressive resilient modulus at a higher temperature 
(50°C) is more significant compared to the lower temperature of 40°C. 
9.3.3 Effect of temperature on compressive resilient modulus 
Assessing of the data presented in Figure 9.4 to 9.9 shows that temperature has a direct 
effect on the compressive resilient modulus of asphalt. The results show that the higher 
the temperature the lower the compressive resilient modulus. 
9.3.4 Effect of stress on resilient modulus 
The Modulus data provided in Figure 9.4 to 9.9 shows that the effect of stresses 
between 500kPa to 1000kPa is not significant in compressive resilient modulus at 
20,000 cycles for asphalt mix manufactured by all three types of bitumen binders.  
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Figure 9.4: C320: Compressive resilient modulus under 500kPa for samples with 
varying air voids at 40 and 50°C 
 
 
Figure 9.5: M1000: Compressive resilient modulus under 500kPa for samples with 
varying air voids at 40 and 50°C 
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Figure 9.6: PMB: Compressive resilient modulus under 500kPa for samples with 
varying air voids at 40 and 50°C 
 
 
Figure 9.7: C320: Compressive resilient modulus for samples with varying air voids 
at 40 and 50°C under varying stresses. 
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Figure 9.8: M1000: Compressive resilient modulus for samples with varying at 40 
and 50°C under varying stresses. 
 
 
Figure 9.9: Compressive resilient modulus for samples with varying air voids at 40 
and 50°C under varying stresses. 
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9.4 Conclusion 
After assessing the Compressive resilient modulus using the MCDC+UWT test at 
elevated temperatures and stresses the following outcomes were concluded: 
1. Load cycles could be considered during the measurement of compressive 
resilient modulus at elevated temperatures. 20,000 load cycles in each stage 
of MCDC test were introduced as a reference cycle to measure the 
compressive resilient modulus.   
2. Air voids have more effect on compressive resilient modulus of asphalt 
mixes at higher temperatures.  
By considering the above outcomes, MCDC test can be applied to measure the 
compressive resilient modulus in elevated temperatures and stresses. These outcomes 
maybe useful in the future development of mechanistic pavement design models and 
their underpinning material performance specifications.  
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10.1 Introduction  
The overarching goal of the research was to examine the hypothesis of “The 
Australian dynamic creep test can be redesigned to enable multistage evaluation of 
creep life of asphalt mixtures under varying operational conditions”. The research 
has successfully confirmed that the hypothesis was correct. The development of a 
multistage confined creep test, supported by the use of Ultrasonic evaluation of air 
voids, can significantly improve the evaluation of creep potential of asphalt. 
The Hypothesis studied through the following elements: 
• A review of the Austroads heavy-traffic flexible pavement design for elevated 
temperature and its relevant challenges. 
• A review of international literature around the creep deformation mechanism 
of asphalt, the effective factors, available measurement techniques and their 
relevant challenges. 
• Development of a new technique to measure the air voids and their distribution 
within an asphalt sample trough a review on the relevant literature. 
• Development of the MCDC creep test in order to optimise laboratory 
methodology and minimise the required sample and testing time. 
• Creep life prediction using MCDC + UWT test. 
• Assess and compare the Performance parameters of permanent strain and creep 
slope of asphalt. 
• Assess and compare the creep life of asphalt manufactured by three types of 
Australian binders. 
• Investigate the use of the MCDC+UWT test to determine the modulus of 
asphalt at elevated temperatures.  
This chapter considers the above elements and provides some recommendations for 
future research in that context.   
10.2 The literature review 
1. The review outcomes of Austroads heavy-traffic flexible pavement showed 
that: 
 There are two main unsolved issues in the structural design of the 
heavy-traffic flexible pavement. They are as follows: 
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• Lack of availability of appropriate creep performance 
assessment technique for flexible pavements and an accurate 
and efficient creep measurement test method for ranking 
asphalt mixtures. 
• Lack of availability of appropriate method to measure the 
mechanical behaviour of asphalt at elevated temperatures and 
stresses.  
2. The international review of creep deformation mechanism, its effective factors, 
available measurement techniques and relevant challenges indicate the 
following: 
 Creep deformation in the laboratory is considered to consist of 
primary, secondary and tertiary. However, creep deformation in the 
field is normally restricted to the secondary phase (steady-state). 
This is due to the confinement stress provided by asphalt mass.   
 The main limitations regarding the available creep tests are known 
as providing more realistic in-situ confinement situation and stress 
conditions. To overcome these limitations, the CDCT creep test 
introduced by Ahmadinia (2017) was selected and developed to 
assess the creep mechanism of asphalt. Existing test methods did 
not allow for laboratory evaluation under multiple stress conditions. 
The MCDC test was developed to address this limitation.  
 To better assess creep deformation and its development using 
MCDC test, the air voids distribution in the centre of sample under 
the platen should be measured.    
10.3 Using Ultrasonic Wave Transmission (UWT) technique for air voids 
measurements 
1. International air voids measurement techniques were reviewed (Table 6.1) and 
the related limitations were discussed. The outcomes are as follows: 
 The available Australian test methodologies are not able to define the 
air voids distributions in asphalt samples 
 The only available international method to measure air voids 
distribution is the combination of X-ray Computed Tomography (CT) 
and image analysis methods which are very complex and expensive. 
156 
 
2. The available non-destructive test using for asphalt samples assessment were 
reviewed and the Ultrasonic Wave Transmission (UWT) adopted for 
development. 
3. The trial creep tests proved that the creep deformation is better correlates to air 
voids in the centre than air voids of whole sample.  
10.4 The development of MCDC test 
1. To further develop the CDCT creep test to be more efficient and accurate, the 
MCDC test and UWT methodology were introduced. In the MCDC test three 
different stresses were applied on the same sample for specific number of load 
cycles (40,000). The aim of application of this method was to reduce the testing 
time and the number of samples. The UWT technique was used as a 
supplementary test to better analyse the MCDC test results regarding the air 
voids. 
2. The possibility of application of MCDC test was assessed and test was 
validated using laboratory tests and finite element modelling (FEM) and the 
outcomes are as follows: 
 The permanent strain measured by MCDC test in multistage was close 
to the permanent strain measured by continuous test. 
 The stress distribution in MCDC confined samples in each stage was 
close to the stress value estimated in a finite element asphalt layer 
model.  
 The stress in the optimised confined asphalt model was close to the 
stress generated in the PVC in multilayer confinement system in the 
laboratory MCDC test. The stress dependency of a confinement system 
for multistage stress condition was also illustrated through this study. 
3. The possibility of extending the MCDC laboratory test results from 40,000 
cycles to 500,000 cycles using mathematical modelling was assessed. The 
results showed that power regression on data between 20,000 cycles and 
40,000 cycles was the best model be used for extrapolating the creep strain to 
500,000 cycles. 
4. The best ways of presenting MCDC results was investigated and the outcomes 
were: 
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 For ranking of asphalt pavements: permanent strain at 20,000 cycles 
and the secant creep slope for permanent strain data between 40,000 
and 100,000 cycles were selected. 
 For creep depth prediction, the secant creep slope for permanent strain 
data from 100,000 and 500,000 cycles was selected. 
5. The creep life prediction using MCDC test was developed as follows: 
 The mathematical models to predict the laboratory and field permanent 
deformation were reviewed. The review showed that the power 
regression models best estimates the laboratory results in the second 
stage of laboratory creep test. 
 The permanent strain was estimated at 500,000 cycles in each stage by 
fitting a power regression model to the data between 20,000 and 40.000 
load cycles and extrapolating the data to 500,000 cycles.  
 Both secant creep slope (m) and conventional intercept (c) were 
calculated using the permanent strain at 100,000 and 500,000 load 
cycles.  
 The creep life (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚) was calculated using geometrically similarities 
between the field condition.  
10.5 The effective parameters on creep performance  
1. Permanent strain at 20,000 cycle is sensitive to load, temperature, and air voids.  
2. Secant creep slope, which presents the increased rate of permanent strain, is 
less sensitive to load, temperature, and air voids at lower cycles (20,000 and 
40,000 cycles). The sensitivity of the secant creep slope increases at higher 
cycle numbers (40,000 and 100,000 cycles). The secant creep slope at higher 
cycle number is a more reliable to evaluate the effectiveness of parameters in 
creep deformation.  
3. The asphalts were ranked from 1 to 3 based on the two above methods for all 
operational conditions. The consistent ranking for creep resistance was that 
PMB demonstrates the best performance followed by multigrade and C320. 
10.6 The creep life and the effective parameters 
      1. The effective parameter of the creep life 
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 In all asphalt mixtures (C320, M1000 and PMB) there is a reduction in 
creep life with an increase in air voids. This highlights the importance of 
tight specification controls around compacted air voids. 
 The creep life is affected directly by temperature. Analysing of data showed 
that for either mixtures, an increase in temperature resulted a reduced creep 
life. 
 The results indicated that the surface stress magnitude, which is a function 
of tyre inflation, surface slope and road position, has a significant effect on 
the creep life with an increased surface stress resulting in a reduction in 
creep life. 
 As expected from the review of the data, the best creep performance as 
evaluated by creep life is displayed by the polymer modified asphalt in all 
cases. 
10.7 The compressive resilient modulus and the effective parameters 
1. The review of modulus of asphalt, its effective factors, available measurement 
techniques and relevant challenges are as follows: 
 The review showed that the modulus of asphalt using in Austroads 
mechanistic design can be either resilient modulus, flexural 
modulus, and/or dynamic modulus depending on the selected test 
procedures and design method. The various modulus are not 
interchangeable in design. 
  The modulus of asphalt largely relies on the aggregate structure, 
temperature sensitivity of material and the level of confinement. 
Other relevant effective factors on the modulus of asphalt are 
summarised in Table 2.6. 
  The available test methods to measure the modulus of asphalt are 
summarised in Table 9.1. Except dynamic modulus test (AASHTO 
TP62-03 2003), other types of tests cannot be performed in high 
temperature (more than 40°C) under high stress level.  
  Among three modulus measurement technique for asphalt mixes: 
axial, diametrical and triaxial test methods, the tiraxial test is the 
best method to measure the modulus. The Dynamic modulus test 
(AASHTO TP62-03 2003) is one of them, however, some 
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researchers challenged the dynamic modulus test regarding the 
confinement system and loading situation (continuous haversine 
loading). 
 Based on the above findings from the literature review, MCDC test 
was developed to assess the compressive modulus of asphalt 
capable to apply in mechanistic design procedure. 
2. The compressive resilient modulus in different cycles were analysed for 
asphalt mixtures made of three types of bitumen in all three stages of MCDC 
test. The outcomes were as follows: 
 The compressive resilient modulus for all selected samples was 
cycle dependent at the beginning of each stage (180 cycles). 
 Between 20,000 and 40,000 load cycles, which is a part of steady 
state for permanent strain results, the variation in compression 
resilient modulus is not significant. Therefore, the Mr in 20,000 
cycles were calculated as a reference compressive resilient 
modulus in all samples 
 The better correlation was observed between air voids and 
compressive resilient modulus in early cycles (180) than late 
cycles (20,000) 
 The effect of load magnitude between 500kPa to 1000kPa was not 
significant in compressive resilient modulus in 20,000 cycles. 
10.8 The MCDC + UWT test 
1. The combination of MCDC + UWT test was able to rank the asphalt 
manufactured with various binder types on the basis of its creep performance. 
2. The combination of MCDC + UWT was also incorporated to measure the 
compressive resilient modulus of asphalts at elevated temperatures and can be 
used in flexible pavement design procedure.  
3. The combination of MCDC + UWT tests with a mathematical model can 
provide the opportunity of estimation of creep life of heavy-traffic flexible 
pavement if the procedure can be validated with field data.   
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10.9 Limitations and Recommendations 
Some of the limitations of this research are listed as follows: 
1. The research only examined one aggregate grading of dense grade asphalt to 
focus on void and binder influence.  
2. Temperature is an important parameter in ranking the creep sensitivity of 
asphalt mixes. During laboratory testing a constant temperature regime 
prevails. However in the field the asphalt temperature fluctuates according to 
the time of the day and prevailing environmental conditions.  
3. The UWT technique was developed for samples with only one aggregate 
gradation and thickness.  
4. MCDC test was validated by FEM modelling. More investigation is required 
to validate the test with real in-situ asphalt performance.  
The recommendation are listed below for future research: 
1. The development of the MCDC methodology is considered to greatly improve 
laboratory evaluation of asphalt creep potential. It is recommended that the 
methodology be further explored to investigate asphalt mixes with larger 
aggregate. 
2.  The influence of temperature fluctuation may be evaluated to drive a better 
understanding of creep performance. This could be studied by programming of 
UTS machine and improved data acquisition.   
3. The UWT technique was able to provide better information for air void 
distribution and improved correlation with creep performance. Further research 
is required with regard to the effect of aggregate size and sample thickness on 
calibration.  
4. Laboratory data was able to be extrapolated to predict creep potential, however, 
correlation between the power regression model developed and in-situ 
performance is essential.   
5. Correlation of the MCDC with wheel tracker to extend the research tools 
available for evaluating creep. 
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APPENDIX A 
Literature review related tables 
 
Table 1: A comparison of empirical test methods for evaluation permanent deformation of 
asphalt mixtures (Sousa et al. 1991; Gibb 1996; Brown et al. 2001; Witzcak, 2002; Zhou et 
al. 2008; Partl et al., 2012; Ahmadinia et al., 2017) 
  Sample shape and 
dimension 
Advantages Disadvantages Confinement 
situation 
Em
pi
ric
al
 te
st
s 
Marshal 
test 
Cylindrical, 4 inch 
diameter × 2.5 inch 
height or 6 inch 
diameter × 3.75 
inch height 
* Easy to 
implement 
* Equipment 
generally available 
in labs 
* Standardized for 
mix design - short 
test time 
* Not able to correctly 
predict and rank asphalt 
mixture for rutting 
Unconfined 
Hveem 
test 
Cylindrical, 
4 inch diameter × 
2.5 inch height 
* Short test time 
* Triaxial load 
applied 
* Special compacter is 
needed for test (California 
kneading compacter) 
* Not able to correctly 
predict and rank asphalt 
mixture for rutting 
Semi-
confined 
Gyratory 
testing 
machine 
Loose sample * Simulate the 
action of rollers 
during construction 
* Criteria available 
* Parameters are 
generated during 
compaction 
Equipment not widely 
available - not able to 
correctly predict and rank 
asphalt mixture for rutting 
Unconfined 
 
Table 2: A comparison of fundamental test methods for evaluation permanent deformation of 
asphalt mixtures (Sousa et al. 1991; Gibb 1996; Brown et al. 2001; Witzcak, 2002; Zhou et 
al. 2008; Partl et al., 2012; Ahmadinia et al., 2017) 
  Sample shape 
and dimension 
Advantages Disadvantages Confinement 
situation 
   
   
   
   
   
   
   
   
   
 F
un
da
m
en
ta
l t
es
ts
   
   
   
   
 
 
Uniaxial 
creep 
Cylindrical, 4 
inch diameter × 
8 inch height 
* Wide spread, well 
known 
* Easy to implement 
* Test equipment 
generally available in 
labs 
* More technical 
information 
* Ability to predict 
permanent deformation 
is questionable 
* Restricted test 
temperature and load 
levels do not simulate 
field situations 
* Does not simulate 
field dynamic 
phenomena 
Unconfined 
Uniaxial 
repeated 
Load 
* Better expresses 
traffic conditions 
* Equipment is more 
complex 
* Restricted test 
temperature and load 
levels does not 
simulate field 
situations 
Unconfined 
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Uniaxial 
dynamic 
modulus 
* Capability of 
determining the 
damping as a function 
of frequency for 
different temperatures 
* Non-destructive tests 
* Equipment is more 
complex 
* Difficult to obtain 
2:1 ratio specimens in 
lab 
Unconfined 
Triaxial 
creep 
* Relatively simple test 
and equipment 
* Test temperature and 
load levels better 
simulate field 
conditions than 
unconfined 
* Potentially 
inexpensive 
* Requires a triaxial 
chamber 
* Confinement 
increases complexity 
of the test 
Confined 
Triaxial 
repeated 
load 
* Test temperature and 
load levels better 
simulate field 
conditions than 
unconfined 
* Better expresses 
traffic conditions 
* Can accommodate 
varied specimen sizes 
* Criteria available 
* Equipment is more 
complex and expensive 
* Requires a triaxial 
chamber 
Confined 
Triaxial 
dynamic 
modulus 
* Ability to determine 
the damping as a 
function of frequency 
for different 
temperatures 
* Non-destructive tests 
* Provides necessary 
input for structural 
analysis 
* At high temperature, 
it is a complex test 
system (small 
deformation 
measurement 
sensitivity is needed at 
high temperature) 
* Some possible minor 
problems 
due to stud, LVDT 
arrangement. 
* Equipment is more 
complex 
and expensive 
* Requires a triaxial 
chamber 
Confined 
Diametral 
creep 
Cylindrical,     
4 inch diameter 
× 2.5 inch 
height 
* Easy to implement 
Equipment is relatively 
simple and generally 
available in most labs 
* Specimen is easy to 
fabricate 
* State of stress is non-
uniform 
and strongly dependent 
on the 
shape of the specimen 
* Maybe inappropriate 
for estimating 
permanent deformation 
* High temperature 
(load) changes in the 
specimen shape 
affect the state of stress 
and the 
test measurement 
significantly 
* Found to 
overestimate creep 
* For the dynamic test, 
the equipment is 
complex 
Unconfined 
Diametral 
repeated 
load 
* Easy to implement 
* Specimen is easy to 
fabricate 
Unconfined 
Diametral 
dynamic 
modulus 
* Specimen is easy to 
fabricate 
* Non-destructive test 
Unconfined 
ST 
frequency 
sweep test 
– shear 
dynamic 
Cylindrical,     
6 inch diameter 
× 2 inch height 
* The applied shear 
strain simulates the 
effect of road traffic 
* AASHTO 
standardized procedure 
available 
* Equipment is 
extremely expensive 
and rarely available 
* Test is complex and 
difficult to 
Confined 
Fu
nd
am
en
ta
l t
es
ts
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* Master curve could 
be drawn from different 
temperatures and 
frequencies 
* Non-destructive test 
run, usually needs 
special training 
SST 
repeated 
shear at 
constant 
height 
* The applied shear 
strains simulate the 
effect of road traffic 
* AASHTO procedure 
available 
* Equipment is 
extremely expensive 
and rarely available 
* Test is complex and 
difficult to 
run, usually need 
special training 
* More than three 
replicate are needed 
Confined 
Triaxial 
shear 
strength 
test 
* Short test time * Much less used 
* Confined specimen 
requirements add 
complexity 
Confined 
Hollow 
cylindrical  
1 inch wall 
thickness 18 
inch high 9 
inch external 
diameter 
* Almost all states of 
stress can be 
duplicated. 
* Capability of 
determining the 
damping as a function 
of frequency for 
different temperatures 
for shear as well as 
axial 
* Sample preparation is 
tedious. 
* Expensive equipment 
* Cores cannot be 
obtained from the 
pavement. 
Confined 
 
Table 3: A comparison of Simulative test methods for evaluation permanent deformation of 
asphalt mixtures (Sousa et al. 1991; Gibb 1996; Brown et al. 2001; Witzcak, 2002; Zhou et 
al. 2008; Partl et al., 2012; Ahmadinia et al., 2017) 
  Sample shape 
and dimension 
Advantages Disadvantages Confinement 
situation 
   
   
   
   
   
   
   
   
   
   
   
   
  S
im
ul
at
iv
e 
te
st
s 
Asphalt 
pavement 
analyser 
Cylindrical  
6 inch × 3.5 or 
4.5 inch 
or Beam 
* Simulates field 
traffic and 
temperature 
conditions 
* Simple to perform 
* 3-6 samples can be 
tested at the same 
time 
* Most widely used 
LWT in the US 
* Guidelines (criteria) 
are available 
* Relatively 
expensive 
except new 
table top 
version 
Semi-
confined 
Hamburg 
wheel-
tracking 
device 
Beam 
10.2in.x 
12.6in. x 
1.6in.  
* Widely used in 
Germany 
* Capable of 
evaluating moisture-
induced damage 
* Two samples tested 
at same time 
* Less potential 
to be accepted 
widely in the 
world 
Semi-
confined 
French 
rutting tester 
Beam, 
7.1in.x 19.7 
in.x 0.8 to 
3.9in.  
* Successfully used in 
France 
* Two HMA slabs can 
be tested at one time 
* Not widely 
available 
Semi-
confined 
Fu
nd
am
en
ta
l t
es
ts
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The small 
scale UK 
Wheel 
tracking 
tester 
Cylindrical 
200 mm 
diameter or a 
slab of 
dimensions 
305 x 280 x 
100 mm. 
* Simulates field 
traffic and 
temperature 
conditions 
* Simple to perform 
* 3 samples can be 
tested at the same 
time 
* Not widely 
available 
Semi-
confined 
The prototype 
small-scale 
UK Wheel 
tracking 
tester 
* Not widely 
available 
Semi-
confined 
Superfos 
construction 
rut tester 
Cylindrical 
150 mm 
diameter 75 
mm height or 
Beam (5 in 
x12 in x3 in) 
* Simulates field 
traffic and 
temperature 
conditions 
* Simple to perform 
* 3 samples can be 
tested at the same 
time 
* Not widely 
available 
Semi-
confined 
Georgia load 
wheel tester 
Cylindrical 
150 mm 
diameter 75 
mm height 
 * Not widely 
available 
Semi-
confined 
Purdue 
university 
Wheel 
tracking 
device 
Slab 
290mm x 
310mm x 
desired height 
* Simulates field 
traffic and 
temperature 
conditions 
* Simple to perform 
* 3 samples can be 
tested at the same 
time 
* Not widely 
available 
Semi-
confined 
Model mobile 
loading 
simulator 
Real 
pavement is a 
sample for 
this test 
* Real multilayer 
pavement can be 
tested  
* Real asphalt on the 
road can be tested  
* Not widely 
available 
* Relatively 
expensive 
except new 
table top 
version 
Semi-
confined in 
the lab and 
full-confined 
in the field 
Transportek 
wheel 
tracking test 
Slab, 
400mm x 
100mm 
* Simulates field 
traffic and 
temperature 
conditions 
* Simple to perform 
 
* Not widely 
available 
* Relatively 
expensive 
except new 
table top 
version 
Semi-
confined 
Accelerated 
testing 
facility 
Real 
pavement is a 
sample for 
this test 
* Real multilayer 
pavement can be 
tested 
* Real asphalt on the 
road can be tested 
* Not widely 
available 
* Relatively 
expensive 
except new 
table top 
version 
Semi-
confined in 
the lab and 
full-confined 
in the field 
 
 
 
 
Si
m
ul
at
iv
e 
te
st
s 
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Table 4: Models to predict the creep deformation in unbound and bound materials (Choi 
2013; Javilla et al., 2017) 
No. Model Model parameters References 
1 𝜀𝜀𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 a,b = regression coefficient Barksdale 
(1972) 
2 𝑏𝑏𝑏𝑏𝑏𝑏 𝜀𝜀𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏 + 𝑐𝑐(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)2 + 𝐷𝐷(𝑙𝑙𝑏𝑏𝑏𝑏𝑏𝑏)3  a,b,c,d = regression coefficient Monismith and 
Mclean (1972) 
3 𝑏𝑏𝑏𝑏𝑏𝑏 𝜀𝜀𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏 a,b = regression coefficient Brown, snaith 
1974 
4 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏𝑏𝑏 a,b = regression coefficient Monismith et 
al., 1975 
5 𝜀𝜀𝑝𝑝 = 𝛿𝛿(𝑇𝑇𝑙𝑙𝑙𝑙𝑚𝑚𝑑𝑑)𝑏𝑏𝑚𝑚𝜎𝜎𝑛𝑛−1[𝜎𝜎𝑧𝑧 − 0.5 ∗ (𝜎𝜎𝑚𝑚 + 𝜎𝜎𝑦𝑦) a,b,T,𝛿𝛿(𝑇𝑇),𝜎𝜎 Monismith et 
al., 1977 
6 𝜀𝜀𝑝𝑝 = (𝑞𝑞 𝑎𝑎⁄ )𝑏𝑏𝑏𝑏 a,b,q = regression coefficient Brown and Bell 
(1977) 
7 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏𝑏𝑏 + 𝐶𝐶(𝑒𝑒𝑑𝑑𝑏𝑏 − 1) a,b,c,d = regression coefficient Franken (1977) 
8 𝜀𝜀𝑝𝑝 𝑏𝑏⁄ = 𝐴𝐴𝑚𝑚𝑏𝑏−𝑚𝑚 𝐴𝐴𝑚𝑚,m Khedr (Ohio 
state university) 
(1986) 
9 𝜀𝜀𝑝𝑝 = 𝑎𝑎+𝑏𝑏(𝑏𝑏0.5) a,b = regression coefficient Einsenmann and Hilmer (1987) 
10 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏𝑏𝑏 + 𝑐𝑐(exp (𝑑𝑑𝑏𝑏) − 1) a,b,c,d = regression coefficient Franken and 
Clauwaeatn 
(1987) 
11 
𝜀𝜀𝑝𝑝 = 𝑎𝑎√𝑏𝑏
√𝑏𝑏 + 𝑏𝑏 a,b = regression coefficient Paute et al., 1988 
12 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏𝑏𝑏 + 𝑐𝑐 a,b,c = regression coefficient Paute et al., 
1988 
13 𝜀𝜀𝑝𝑝 = 𝜀𝜀0𝑒𝑒𝑎𝑎𝑝𝑝(−(𝜌𝜌 𝑏𝑏⁄ )𝑏𝑏) 𝜀𝜀0,𝜌𝜌, 𝑏𝑏= regression coefficients Tseng and 
Lytton (1989) 
14 𝜀𝜀𝑝𝑝 = (𝑎𝑎𝑏𝑏 + 𝑏𝑏)(1 − 𝑒𝑒𝑎𝑎𝑝𝑝(−𝑐𝑐𝑏𝑏)) a,b,c = = regression coefficients Wolf (1992) 
15 𝜀𝜀𝑝𝑝 = 𝜃𝜃1(1 − 𝑒𝑒𝜃𝜃2𝑏𝑏) + 𝜃𝜃3(𝑒𝑒−𝜃𝜃4𝑏𝑏 − 1) 𝜀𝜀𝑝𝑝 , 𝜃𝜃1, 𝜃𝜃3, 𝜃𝜃2, 𝜃𝜃4 
 
Wilshire and 
Evans (1994) 
16 𝜀𝜀𝑝𝑝 = 𝑎𝑎(1 − 𝑏𝑏 100⁄ )−𝑏𝑏 a,b = regression coefficients Paute et al., 
1996 
17 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏 + 𝑏𝑏(1 − exp (𝑐𝑐𝑏𝑏) a,b,c = regression coefficient Theyse (2000) 
18 
𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏 + 𝑏𝑏𝑏𝑏[1 + (𝑏𝑏𝑏𝑏𝑐𝑐 )𝑑𝑑]1 𝑑𝑑⁄  a,b,c,d = regression coefficient Theyse (2000) 
19 𝜀𝜀𝑝𝑝
𝜀𝜀𝑐𝑐
= 10𝑚𝑚𝑇𝑇𝑏𝑏𝑏𝑏𝑐𝑐  𝜀𝜀𝑐𝑐,N,T,a,b,c 
 
MEPDG (2002) 
20 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏𝑏𝑏 + (𝑐𝑐𝑏𝑏 + 𝑑𝑑)(1 − exp(−𝐸𝐸𝑏𝑏)) a,b,c,d = regression coefficient Perez and 
Galego (2010) 
21 𝜀𝜀𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 − 𝑐𝑐 (exp(−𝑑𝑑𝑏𝑏)) a,b,c,d: material regression parameters Cerni et  al., 2012 
23 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏 + 𝐵𝐵 a,b = regression coefficient Ahari et al., 
2013 
24 𝜀𝜀𝑝𝑝 = 𝑎𝑎𝑏𝑏 + 𝐵𝐵(𝑏𝑏0.5) a,b = regression coefficient Ahari et al., 
2013 
25 𝜀𝜀𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏(𝑏𝑏𝐶𝐶 + exp(𝑑𝑑𝑏𝑏)) a,b,c,d = regression coefficient Ahari et al., 
2013 
26 
𝜀𝜀𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏(𝑐𝑐 + 𝑏𝑏)α A, C = regression coefficient regarding primary region 
B,α = regression coefficient regarding 
secondary region  
 
Choi (2013), 
Subramanian 
(2013) 
 *𝜀𝜀𝑝𝑝 = Creep deformation, N = Number of load cycle, a,b,c = Regression coefficient 𝑇𝑇𝑙𝑙𝑙𝑙𝑚𝑚𝑑𝑑 = Load time, 𝛿𝛿(𝑇𝑇) = 
Temperature function,  𝜎𝜎 = equivalent stress defined as a function of principal stress,  𝐴𝐴𝑚𝑚 = Material property, 
function of resilient modulus and applied stress, m = Material parameter, 𝜃𝜃1 ,𝜃𝜃3=Primary and tertiary strain, 
𝜃𝜃2,𝜃𝜃4= rate parameters quantifying the curvature of the primary and tertiary stages, T = temperature, 𝜀𝜀𝑐𝑐= 
Resilient modulus, α 
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APPENDIX B 
Comparison of air voids of the whole sample with air voids at the centre 
of sample 
 
 
Figure 1: Conventional asphalt: Air voids of the whole sample vs. estimated air voids 
at the centre of sample  
 
 
Figure 2: Multigrade asphalt: Air voids of the whole sample vs. estimated air voids at 
the centre of sample  
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Figure 3: Polymer modified asphalt: Air voids of the whole sample vs. estimated air 
voids at the centre of sample  
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Appendix C 
FEM modelling outputs for various laboratory and in-situ conditions. 
 
 
Figure 1: 51M, 500kPa, S11, Confined laboratory sample 
 
Figure 2: 51M, 500kPa, S22, Confined laboratory sample 
A P P E N D I X  | 9 
 
 
Figure 3: 51M, 500kPa, S33, Confined laboratory sample 
 
 
Figure 4: 51M, 500kPa, S12, Confined laboratory sample 
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Figure 5: 51M, 500kPa, U Magnitude, Confined laboratory sample 
 
 
Figure 6: 45M, 750kPa, S11, Confined laboratory sample 
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Figure 7: 45M, 750kPa, S22, Confined laboratory sample 
 
 
Figure 8: 45M, 750kPa, S33, Confined laboratory sample 
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Figure 9: 45M, 750kPa, S12, Confined laboratory sample 
 
 
Figure 10: 45M, 750kPa, U Magnitude, Confined laboratory sample 
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Figure 11: 56M, 1000kPa, S11, Confined laboratory sample 
 
 
Figure 12: 56M, 1000kPa, S22, Confined laboratory sample 
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Figure 13: 56M, 1000kPa, S33, Confined laboratory sample 
 
 
Figure 14: 56M, 1000kPa, S12, Confined laboratory sample 
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Figure 15: 56M, 1000kPa, U Magnitude, Confined laboratory sample 
 
 
Figure 16: 51M, 500kPa, S11, asphalt layer 
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Figure 17: 51M, 500kPa, S22, asphalt layer 
 
 
Figure 18: 51M, 500kPa, S33, asphalt layer 
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Figure 19: 51M, 500kPa, S12, asphalt layer 
 
 
Figure 20: 51M, 500kPa, U Magnitude, asphalt layer 
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Figure 21: 45M, 750kPa, S11, asphalt layer 
 
 
Figure 22: 45M, 750kPa, S22, asphalt layer 
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Figure 23: 45M, 750kPa, S33, asphalt layer 
 
 
Figure 24: 45M, 750kPa, S12, asphalt layer 
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Figure 25: 45M, 750kPa, U Magnitude, asphalt layer 
 
 
Figure 26: 56M, 1000kPa, S11, asphalt layer 
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Figure 27: 56M, 1000kPa, S22, asphalt layer 
 
 
Figure 28: 56M, 1000kPa, S33, asphalt layer 
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Figure 29: 56M, 1000kPa, S12, asphalt layer 
 
 
Figure 30: 56M, 1000kPa, U Magnitude, asphalt layer 
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APPENDIX D 
Raw MCDC test related data 
 
 
Figure 1: MCDC test results for conventional samples in 40°C 
 
Figure 2: MCDC test results for Multigrade samples in 40°C 
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Figure 3: MCDC test results for PMB samples in 40°C 
 
Figure 4: MCDC test results for conventional samples in 50°C 
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Figure 5: MCDC test results for Multigrade samples in 50°C 
 
Figure 6: MCDC test results for PMB samples in 50°C 
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APPENDIX E 
 
Figure 1: Secant creep slope of three types asphalt with different air voids under 
500kPa 
 
Figure 2: Secant creep slope of three types asphalt with different air voids under 
750kPa 
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Figure 3: Secant creep slope of three types asphalt with different air voids under 
1000kPa 
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APPENDIX F 
Table 1: Test results related to the asphalt mix manufactured by C320 
Stress 
( kPa) 
T 
(°C) 
Sample  
number 
Ultrasonic 
 velocity 
(m/s) 
AV (%) in 
the whole 
sample 
AV (%)  
in centre 
MR  
(180 
cycles) 
MR  
(20K 
cycles) 
MR  
(40K 
cycles) 
creep 
slope 
(100k to 
500K 
cycles) 
Permanent 
 Strain 
 (20K 
cycles) 
500 
40 
82 4784 2.18 0.07 4959 2241 2150 0.0107 15061 
68 4655 3.27 2.24 3868 2514 2406 0.0110 15914 
71 4594 4.93 3.27 3040 1804 1778 0.0152 20006 
66 4456 6.12 5.59 3800 2388 2419 0.0222 19783 
79 4427 7.12 6.07 2853 1798 1795 0.0227 25612 
50 
81 4768 2.37 0.39 2367 1272 1093 0.0119 23129 
67 4663 3.74 2.10 1960 972 947 0.0129 25099 
83 4483 6.15 5.13 1348 907 865 0.0252 37273 
84 4423 7.15 6.14 1707 980 900 0.0263 37364 
85-2 4228 8.36 9.42 - - - - - 
750 
40 
82 4784 2.18 0.07 - 2109 2261 0.0200 20902 
68 4655 3.27 2.24 - 2420 2113 0.0265 22637 
71 4594 4.93 3.27 - 1685 1635 0.0350 28721 
66 4456 6.12 5.59 - 2438 2185 0.0437 30737 
79 4427 7.12 6.07 - 1777 1699 0.0544 37626 
50 
81 4768 2.37 0.39 - 1303 1174 0.0237 30657 
67 4663 3.74 2.10 - 934 970 0.0273 33653 
83 4483 6.15 5.13 - 947 958 0.0565 52882 
84 4423 7.15 6.14 - 944 960 0.0526 52428 
85-2 4228 8.36 9.42 - - - - - 
1000 
40 
82 4784 2.18 0.07 - 2155 2228 0.0265 25771 
68 4655 3.27 2.24 - 2331 2264 0.0427 28886 
71 4594 4.93 3.27 - 1606 1560 0.0542 36568 
66 4456 6.12 5.59 - 2439 2367 0.0628 40704 
79 4427 7.12 6.07 - 1747 1719 0.0787 49221 
50 
81 4768 2.37 0.39 - 1253 1234 0.0405 37082 
67 4663 3.74 2.10 - 970 1018 0.0467 40709 
83 4483 6.15 5.13 - 952 917 0.0821 66553 
84 4423 7.15 6.14 - 927 1058 0.0849 66054 
85-2 4228 8.36 9.42 - - - - - 
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Table 2: Test results related to the asphalt mix manufactured by M1000 
Stress 
( kPa) 
T 
(°C) 
Sample  
number 
Ultrasonic 
 velocity 
(m/s) 
AV (%) 
in the 
whole 
sample 
AV (%)  
in centre 
MR  
(180 
cycles) 
MR  
(20K 
cycles) 
MR  
(40K 
cycles) 
creep 
slope 
(100k to 
500K 
cycles) 
Permanent 
 Strain 
 (20K 
cycles) 
500 
40 
42 4544 1.05 1.46 3617 3685 3649 0.0065 7939 
36 4507 2.40 2.15 3264 2555 2497 0.0079 9827 
48 4497 4.58 2.35 3369 2805 2698 0.0096 12555 
58 4283 7.39 6.40 2749 2264 2197 0.0276 16981 
55 4113 8.99 9.64 2651 2212 2206 0.0237 18626 
50 
44 4612 0.90 0.16 2638 1541 1460 0.0096 15145 
39 4503 2.03 2.24 2674 1561 1569 0.0094 14399 
46 4376 3.51 4.64 2140 1316 1341 0.0148 19724 
41 4278 6.56 6.50 1846 1172 1116 0.0355 31334 
53 4150 9.06 8.93 1440 880 816 0.0471 43484 
750 
40 
42 4544 1.05 1.46 - 3389 3294 0.0146 11634 
36 4507 2.40 2.15 - 2595 2527 0.0135 13911 
48 4497 4.58 2.35 - 2701 2595 0.0238 17343 
58 4283 7.39 6.40 - 2333 2093 0.0619 26589 
55 4113 8.99 9.64 - 2208 2145 0.0492 28034 
50 
44 4612 0.90 0.16 - 1471 1461 0.0183 21154 
39 4503 2.03 2.24 - 1467 1544 0.0159 19710 
46 4376 3.51 4.64 - 1426 1335 0.0292 27217 
41 4278 6.56 6.50 - 1167 1115 0.0644 46102 
53 4150 9.06 8.93 - 830 791 0.0994 63737 
1000 
40 
42 4544 1.05 1.46 - 3320 3276 0.0208 15040 
36 4507 2.40 2.15 - 2557 2466 0.0194 17629 
48 4497 4.58 2.35 - 2493 2342 0.0372 22055 
58 4283 7.39 6.40 - 2205 2058 0.0803 35708 
55 4113 8.99 9.64 - 1980 1908 0.1765 37084 
50 
44 4612 0.90 0.16 - 1561 1588 0.0274 25923 
39 4503 2.03 2.24 - 1588 1516 0.0239 23999 
46 4376 3.51 4.64 - 1440 1432 0.0412 33284 
41 4278 6.56 6.50 - 1123 1158 0.099 58277 
53 4150 9.06 8.93 - 735 908 0.1364 82334 
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Table 3: Test results related to the asphalt mix manufactured by PMB 
Stress 
( kPa) 
T 
(°C) 
Sample  
number 
Ultrasonic 
 velocity 
(m/s) 
AV (%) 
in the 
whole 
sample 
AV 
(%)  
in 
centre 
MR  
(180K 
cycles) 
MR  
(20K 
cycles) 
MR  
(40K 
cycles) 
creep 
slope 
(100k to 
500K 
cycles) 
Permanent 
 Strain 
 (20K 
cycles) 
500 
40 
93 4527 0.84 0.10 1359 1019 991 0.0041 13491 
88 4467 2.36 1.39 1877 1235 1241 0.0041 10598 
98 4419 4.19 2.41 1334 1030 1064 0.0051 13790 
102 4319 6.00 4.55 1243 977 1027 0.0084 18279 
108 4202 7.23 7.07 1257 1006 999 0.0094 21019 
50 
91 4527 0.89 0.10 962 905 845 0.0052 18797 
100 4441 2.96 1.96 729 630 654 0.0072 20011 
96 4390 4.45 3.05 920 843 938 0.0071 20807 
107 4225 7.27 6.56 750 749 727 0.0106 30098 
110-1 4152 9.87 8.12 736 616 655 0.0164 39678 
750 
40 
93 4527 0.84 0.10 - - - - - 
88 4467 2.36 1.39 - 1477 1451 0.0103 14166 
98 4419 4.19 2.41 - 1140 1116 0.0125 17933 
102 4319 6.00 4.55 - 1051 1067 0.0205 24562 
108 4202 7.23 7.07 - 1090 1101 0.0218 27811 
50 
91 4527 0.89 0.10 - 903 921 0.0108 22636 
100 4441 2.96 1.96 - 681 669 0.0162 25191 
96 4390 4.45 3.05 - 893 916 0.016 26459 
107 4225 7.27 6.56 - 760 763 0.0242 38922 
110-1 4152 9.87 8.12 - 662 663 0.036 52116 
1000 
40 
93 4527 0.84 0.10 - - - - - 
88 4467 2.36 1.39 - 1418 1449 0.0175 17274 
98 4419 4.19 2.41 - 1171 1175 0.0207 21545 
102 4319 6.00 4.55 - 1055 1071 0.032 29897 
108 4202 7.23 7.07 - 1116 1140 0.0333 33693 
50 
91 4527 0.89 0.10 - 905 930 0.0193 25750 
100 4441 2.96 1.96 - 721 698 0.0297 29401 
96 4390 4.45 3.05 - 974 955 0.0296 31175 
107 4225 7.27 6.56 - 741 765 0.0425 46412 
110-1 4152 9.87 8.12 - 733 700 0.0605 63137 
 
 
 
